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Secondary metabolites in plants have attracted worldwide attention partially due 
to their far reaching health benefits. Among the complicated secondary metabolites, 
phytoalexins are a special group of metabolites that are generated when the plants are 
under oxidative stress. A few studies have reported the bioactivities of phytoalexins 
but only little research had focused on their potent applications for pharmaceutical 
and medicinal development. The objective of this research was to study the 
phytoalexin production in stressed plant seeds and to develop phytoalexin enriched 
food.  
In Chapter 1 and Chapter 2, the backgrounds of phytoalexins generation were 
introduced, the objectives of the study were proposed. 
In Chapter 3, it was discovered that fungus-stressed germination of black 
soybeans seeds led to the generation of a group of oxylipins, oxooctadecadienoic 
acids (KODEs, including 13 - Z, E - KODE, 13 - E, E - KODE, 9 - E, Z - KODE, and 
9 - E, E - KODE), and their respective glyceryl esters in addition to glyceollins, a 
known group of phytoalexins present in wild and fungi infected soybeans. The 
efficiency of four selected fungi in inducing the synthesis of these compounds during 
black soybean germination was also compared.  
In Chapter 4, the effects of R. oligosporus - caused oxidative stress to the 
germinating black soybeans were further studied. Tocopherols, lipid peroxide 
concentrations, isoflavones, the total phenolics contents and ORAC (Oxygen Radical 
 IX
Absorbance Capacity) values in the hydrophilic and lipophilic extracts of the treated 
black soybeans were studied. Results suggested that fungal stress has no significant 
effects on the antioxidant capacity of the black soybeans.  
In Chapter 5, the fungi-stressed and germinated black soybeans were further 
processed for functional food development. The treated black soybeans were 
homogenized and fermented with lactic acid bacteria (LAB) to produce soy yogurt. 
The resulting soy yogurt contained a maximum viable cell count of 2.1×108 CFU/mL 
and had significantly altered the micronutrient profiles resulting in the markedly 
reduced oligosaccharides but enriched glyceollins, which are known to have 
anti-cancer properties. 
In Chapter 6, durian seeds were chose for studying the contents of secondary 
metabolites and phytoalexins generation after germination and fungus-stress. 
Structural identification exhibited the distinctive characteristic of oligomeric 
proanthocyanidins (OPCs) in durian seeds. The yield was 1.8 mg/g of dry seed. 13C 
and 1H NMR signals showed the presence of procyanidins in the durian seeds. The 
OPCs from durian seeds contain a significant amount of high order B-type oligomers 
with predominantly epicatechins as the monomeric unit. The mean degree of 
polymerization was determined to be 7.30. The effects of food grade R. oligosporus 
stress on germinating durian seeds were also studied. New compounds but with low 
concentrations were detected by HPLC analysis and were suggested to be 
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Plants are probably the largest source of natural products with a molecular mass 
diversity of over 100,000 which are known as secondary metabolites. Most of the 
secondary metabolites are derived from isoprenoid, phenylpropanoid, alkaloid or fatty 
acid/polyketide metabolism (Dixon, 2001; Hopkins, 2004). Secondary metabolites do 
not directly participate in the growth, development or reproduction of organisms. The 
absence of these substances will not cause the immediate death, but in the long-term 
may impair the organism’s survivability/fecundity (Croteau et al., 2000). 
Comprehensive studies have been conducted on the natural products owing to their 
potential biological activities. These phytochemicals are generally involved in defense 
mechanisms against environmental stress (Hopkins, 2004) and have a great potential 
to be developed as drugs, food ingredients and nutraceuticals (Croteau et al., 2000). 
In the natural environment, wild plants frequently encounter severe environmental 
threats such as microbial infection, drought, nutrient deficiency, mineral toxicity, 
temperature, oxidative stresses and osmotic stress and so on (Semel et al., 2007). As a 
response to these threats, the plants launch a two-pronged resistance: a short-term 
response and a long-term specific response (de Bruxelles and Roberts, 2001). In the 
short-term response, oxidative burst may occur as an early plant response to pathogen 
infection with rapid and transient production of large amount of reactive oxygen 
species (ROS), primarily superoxide (O2-) and hydrogen peroxide (H2O2) to keep 
plant on hypersensitive status. Upon pathogen infection, ROS denature cell membrane 
protein and kill invading microbes (Guo et al., 1998). Consequently, the 
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apoptosis-compromised cells in the plants commit suicide to create a physical barrier 
to the invader (de Bruxelles and Roberts, 2001). On the other hand, during long-term 
response, or systemic acquired resistance (SAR) response, the infected tissue will 
communicate with the rest of the plant using plant hormones. The reception of the 
signal leads to whole-plant changes within the plants, associating with the induction 
of a wide range of genes (named “pathogenesis-related” genes or PR genes) that 
prevent the plants from further pathogen intrusion (Ryals et al., 1996; Heil et al., 
2002). At the same time, various enzymes will be activated which are involved with 
the generation of phytoalexins (Welle et al., 1988; Purkayastha, 1995). Phytoalexins 
are low molecular weight secondary metabolites within the group of flavonoids, 
terpenoids, glycosteroids and alkaloids that are considered as plant antibiotics to 
defend microbial infection and stress (Dixon, 2001). The discovery of phytoalexins 
has been the foundation of plant pathology (Purkayastha, 1995). Upon organism 
intrusion, phytoalexins synthesized in the plants will act as toxins to puncture the cell 
wall of organisms and cause a delay of pathogen maturation. The pathogen 
metabolism will be disrupted and its reproduction will be terminated (Walling, 2000; 
de Bruxelles and Roberts, 2001)  
Glyceollins are a group of phytoalexins synthesized in the plants that contain rich 
isoflavones. Soybean seeds are the most frequently studied source in this aspect. 
There are four isoflavones: daidzein, glycitein, genistein, and malonyl genistein with 
twelve chemical entities (Murphy et al., 2002) but daidzein is the only precursor of 
glyceollins (Burow et al., 2002). Glyceollins are not synthesized unless a group of 
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enzymes are activated. Series of enzymes had been identified that involved in the 
biosynthesis of glyceollins. When pathogens invaded the soybean seeds, 
phenylalanine ammonia-lyase, cinnamic acid 4-hydroxylase, 4-coumarate CoA ligase, 
chalcone synthase, chalcone reductase and chalcone isomerase in the hypocotyls of 
soybean seedlings are first activated stepwise to initiate the transformation from 
phenylalanine to daidzein (Yu et al., 2003). Hydroxydaidzein, dihydroxypterocarpan 
and prenylated pterocarpans, dimethylallylglycinol glyceollidins are important 
intermediates formed during the biosynthesis. Glyceollins are finally synthesized 
through glyceollidins cyclization by the glyceollins synthesis enzyme catalysis (Welle 
et al., 1988). 
Recently, scientists have begun to explore novel strategies for isolating plant 
compounds of potential medicinal and functional food values. One rewarding research 
area involves the emerging study of phytoalexins and their benefits on human health 
(Mead, 2007). Resveratrol is probably the most well known phytoalexin isolated from 
grapes and herbal plants. Resveratrol has antioxidant, anti-inflammation, and 
anticancer activity (Baur et al., 1997). In addition, it acts as a calorie restriction (CR) 
mimetic that extends the lifespan of laboratory animals (Sinclair, 2006; Fontana and 
Klein 2007). It is suggested that resveratrol activates sirtuin pathways (Howitz, 2003) 
and may also activate animal sirtuins and consequently exert the benefits of CR 
(Wood et al., 2004). Glyceollins, although not as recent as resveratrol, have attracted 
wide attention in recent years for their marked bioactivities. Glyceollins are 
synthesized from their precursor daidzein but have been proved to possess wider 
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bioactivities and stronger antimicrobial effects than daidzein and other isoflavones 
(Burow et al., 2002). Some investigations suggested that glyceollins can be a very 
promising hormone replacement therapy for conventional medicines. The most 
interesting findings of glyceollins are the strong antiestrogenic effects and the abilities 
to stop cancer cells from proliferating. Burow and coworkers (2002) demonstrated 
that glyceollins have marked antiestrogenic effect on estrogen receptor (ER) signaling, 
which correlated with a comparable suppression of 17b-estradiol-induced 
proliferation in ER-positive estrogen-dependent MCF-7 human breast carcinoma cell 
line. Further investigations revealed a greater antagonism of glyceollins towards ERα 
than ERβ in transiently trans-infected ER-negative HEK 293 cells. The same research 
group also compared the effects of glyceollins on the growth of MCF-7 breast cancer 
cells and BG-1 ovarian cancer cells. Their investigation indicated that the glyceollins 
suppressed MCF-7 tumor growth by 53.4% and BG-1 tumor growth by 73.1%, 
compared to estradiol alone (a hormone replacement therapy). Interestingly, 
glyceollins completely suppressed estradiol-induced expression of progesterone 
receptors, which is one of the common side effects of estradiol, in MCF-7 cells and 
partially suppressed their expression in the BG-1 cells. Thus, glyceollins seem to exert 
its anticancer activity, in part, by interfering with the cancer cell’s ability to respond 
to estradiol, the most potent endogenous estrogen and a major growth stimulus for 
breast and ovarian cancers (Cleveland et al., 2006; Mead, 2007). Recently, animal 
trials had been conducted in postmenopausal female monkeys with 
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glyceollin-enriched soy protein to study the estrogen-antagonist effects on biomarkers 
for breast cancer risk (Wood et al., 2006). 
In essence, phytoalxeins is the subject of study associated with the study of plant 
pathology. Glyceollins were first identified from the Phytophthora megasperma var. 
sojae infected soybeans (Ayers et al., 1976). Fett and Zacharius (1982) also detected 
glyceollins from root rot-causing pathogen Pseudomonas syringae pv glycinea 
induced soybean cell lines. Currently, most of the studies are focused on preventing 
the plants from pathogen invasion. Very few reports investigated the effects of 
microbial stress on the plant seed quality, particularly the nutritional changes. This 
prompted the current study which concerned about applying microbial invasion as a 
purpose for eliciting phytoalexins and developing functional food thereof.  
 
1.2 Objectives 
The overall objective of this research is to study the effects of fungal stress on 
plant seeds and further study the stressed seeds for novel food development. The 
specific objectives are: 
1) To study the phytoalexin generation in the fungus-stressed black soybean 
seeds (Chapter 3) 
2) To determine the effects of fungal stress on the quality, especially on the 
antioxidant capacity of black soybean seeds (Chapter 4) 
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3) To study the effects of fungal stress on the nutritional value of black soybean 
seeds and to process a novel black soybean yogurt made from the stressed 
seeds (Chapter 5) 
4) To study the secondary metabolites in durian seeds and their changes after 
fungal stress (Chapter 6) 
To reach the goals, various food grade fungi were compared to mimic pathogen 
infection to stress the soybean seeds. The stressed seeds are analyzed to determine the 
production of phytoalexins. The elicited phytoalexins are isolated and characterized. 
The oxidative status and the changes of nutritional profiles of the fungal stressed bean 
seeds are also evaluated. Based on the investigations, the fungal stressed bean seeds 
were utilized for developing a novel soy yogurt with enriched phytoalexins content 
and fortified health benefits. It was also strived to apply such ideas for durian seed 
treatment, which are normally used as food waste.  
Through this research, it is possible that by using the fungus-stressed plant seeds 
for functional food development, the products will not only be enriched with healthy 
phytoalexins, but with enhanced nutritional values. It would also be a potential 
pathway to overcome the negative factors encountered during traditional food 
manufacturing. Finally, we hope that this research can be a promising way of utilizing 
renewable agricultural wastes for value-added food ingredients and for bio-active 


























2.1  Secondary Metabolites in Plants 
Secondary metabolites are a vast and diverse assortment of organic compounds 
produced by the plants that do not directly participate in the growth, development or 
reproduction of organisms. Unlike the primary metabolites, secondary metabolites are 
not essential to the plants but the absence of these substances may cause some damage 
to the cells’ survival on a long-term basis (Croteau et al., 2000). 
Based on the biosynthetic origins, plant secondary metabolites can be divided 
into three main groups: terpenoids, alkaloids, and polyphenols (Hopkins, 2004). These 
phytochemicals are often created by modified primary metabolite synthases. They 
may have the same biosynthetic origin or have similar chemical structures as primary 
metabolites. Therefore, the difference between primary and secondary metabolites is 
not distinct (Croteau et al., 2000).  
Secondary metabolites from botanic sources have broad applications as dyes, 
polymers, fibers, glues, oils, waxes, flavoring agents, perfumes (Croteau et al., 2000). 
Probably the most interesting aspects of secondary metabolites are their defense 
abilities against pathogens aggression and environmental stress (Hopkins, 2004) and 
their diverse biological properties for drugs, food ingredients and nutraceuticals 
development. Researchers are making great efforts on finding interesting 
phytochemicals from botanic sources for satisfying the increasing demand of food 
nutrition and health awareness of consumers. 
Polyphenolics are the most abundant secondary metabolites found in plant 
sources. Thousands of phenolic molecules (with similar polyphenol structures, i.e. 
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several hydroxyl groups on aromatic rings) have been identified in higher plants 
(Manach et al., 2004). Traditionally polyphenolics have been known to hinder protein 
digestibility due to the adverse effect of tannins (Peterson and Dwyer, 1998). 
However, the most important benefit of this class of compounds is its potential health 
effects of antioxidant capacity and possible benefits in preventing cancer, 
cardiovascular disease, and other pathologies (Bravo, 1998；Manach et al., 2004). 
Among the complicated polyphenolics metabolites, flavonoids are the most 
intensively studied compounds (Peterson and Dwyer, 1998). There are six major 
subclasses of flavonoids, including flavones (e.g., apigenin, luteolin), flavonols (e.g., 
quercetin, myricetin), flavanones (e.g., naringenin, hesperidin), flavanols (e.g., 
epicatechin, gallocatechin), anthocyanidins (e.g., cyanidin, pelargonidin), and 
isoflavones (e.g., genistein, daidzein). Flavonoids can scavenge primary radicals such 
as superoxide and are involved in the prevention of the free radical formation and 
oxidative damage of tissues. In addition, a number in vitro bioactivities such as the 
modulation of enzymatic activity, inhibition of cellular proliferation, and potential 
utility as anti cancer, antibiotic, antiallergic, antidiarrheal, antiulcer, and 
anti-inflammatory agents have been demonstrated in flavonoid compounds (Bravo, 
1998; Kuroda and Hara,1999; Lotito and Frei, 2006).  
 
2.2 Phytoalexins in Plants  
2.2.1. Phytoalexin Definition 
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Purkayastha (1995) had summarized the history of phytoalexins recognition and 
development in his published book. In the natural environment, plants are highly 
likely to encounter various disease threats and physical and chemical damages such as 
insect bites, drought, nutrient deficiency, mineral toxicity, temperature fluctuations, 
oxidative stresses and osmotic stress (Semel et al., 2007). Since the late 17th century 
scientists found various chemicals contained in plants to repell insects and livestock 
(Vough and Cassel, 2002; Gleadow and Woodrow, 2002). The research of plant 
resistance to herbivores was only come into concern after the 20th century (Painter and 
Henry, 1951; Chesnokov, 1953). Studies found that different responses occurred by a 
comparison of the restricted and unrestricted pathogens (virus, bacterial and fungi) 
growing on the plant hosts (Wingard, 1928; Chester, 1933). These results suggested 
that an acquired immunity exists in the infected plants, which may be due to the 
formation of protective substances in the infected plants (Wallace, 1940). After 
extensive observations of virulent and avirulent strains of Phytophthora infestans on 
potato tubers, Muller and Borger (1940) first proposed a definition of phytoalexin and 
postulated the producing circumstances: “phytoalexin is a chemical compound 
produced by living host cells only when they are invaded by a parasite and 
consequently necrobiosis occurs”. Since then, the concept of phytoalexins had 
become a new vista of plant sciences and has been the foundation of plant pathology. 
During the following decades, the mechanisms of phytoalexin production behind 
host-pathogen interactions had been extensively investigated. In addition, researchers 
had also found that physical and chemical factors to elicit phytoalexin production in 
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the plants. Therefore, the definition of phytoalexins was continually developed to a 
more general version as: “an antimicrobial, low molecular weight, secondary 
metabolite with shared structural similarity formed de novo as a response of physical, 
chemical, or biological stress which resists or suppresses the activity of invaders, and 
its rate of production/accumulation depends either on host genotypes or both host and 
pathogen genotypes” (Purkayastha, 1995). Nowadays, the range of phytoalexins often 
extends to all phytochemicals, particularly the major secondary metabolites including 
terpenoids, glycosteroids and alkaloids (Hopkins 2004). Research in the area of plant 
defense over the past several decades had fostered identification of many phytoalexins 
throughout a vast number of plant species. Figure 2.1 and Tables 2.1 shows some 
reported phytoalexins and the pathogen infected plant hosts.  
 
2.2.2. Mechanisms of Phytoalexins Production 
The mechanisms of host-pathogens interactions had been reviewed by some 
researchers. Upon microbial intrusion to the plant cells, the infected tissue will 
communicate with the rest of the plant through the signaling events. There are two 
signals in the plant cells to regulate the response systems: a short-term response and a 
long-term response. The short-term response is the earliest known event of signals 
detected in stressed leaves accompanying ion fluxes across the plasma membrane, 
changing cytoplasmic calcium concentration, changing in protein phosphorylation 
patterns and the generation of reactive oxygen species (de Bruxells and Roberts, 
2001). Guo and coworkers (1998) had observed the oxidative burst in the early few 
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minutes with rapid and transient production of large amount of reactive oxygen 
species (ROS), primarily superoxide (O2-) and hydrogen peroxide (H2O2), which keep 
plants on a hypersensitive status to strengthen the cell wall in part via rapid oxidative 
cross-linking of existing cell wall proteins (Bradley et al., 1992). In addition, during 
the short-term response, the apoptosis-compromised cell surrounding areas of damage 
in the plant also commit suicide to produce phenolic-derived polymers such as lignin 
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Figure 2.1. Structures of some reported phytoalexins (adapted from Albersheim et al., 
1986). 
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against further damage such as infection and water loss (Walling, 2000; de Bruxells 
and Roberts, 2001). With long-term response, the reception of the damage signals 
leads to “whole-plant” changes, which are associated with the induction of a wide 
range of “pathogenesis-related” (PR) genes that protect the plants from further 
pathogen intrusions (Ryals et al., 1996; Heil et al., 2002). During gene expression, the 
 
Table 2.1. Some of the Reported Elicitors and Corresponding Phytoalexins Generated 
from Different Host-Pathogen Interactions.  
 
Host Infected Microorganism Elicitors 
Produced 
Phytoalexin 
Pea Fusarium solani, 
Mycosphaerella pinoides, 
M. melonis,  
M.ligulicola 
















– 5 million Da), glucan, 
polypeptide 
Phaseollin 





Potato Phytophthora megasperma 








Rhizoctonia repens  
Orchinol 
Sweet potato Ceratocystis fimbriata  Ipomeamarone 
(adapted from Albersheim et al., 1986) 
 
plant cells involve various complicated signaling events associated with the action of 
kinases and phosphatases (Bolwell and Wojtaszek 1997; Dempsey et al., 1999). 
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Walling (2000) had summarized four characterized signaling pathways in the infected 
cells (Figure 2.2). One of the signaling events is the salicylic acid (SA)-dependent 
cascade using SA and SA methyl-conjugate (MeSA) to stimulate the expression of 
defense-response genes and promote the development of systemic acquired resistance 
(SAR). SAR confers a broad-range resistance to pathogens and involves the activity 
of glycan elicitors such as oligogalacturonides (OGAs) from cell wall, or the peptide 
hormone systemin activity in regulating wound gene expression. Systemin is a 
recently discovered plant hormone involved in wound response. It is unique from 
other plant hormones in that it is a peptide. Systemin was first identified in tomato 
leaves to be an 18-amino acid peptide processed from the C-terminus of a 200-amino 
acid precursor called prosystemin (McGurl et al., 1992). The SAR signal is 
particularly important in that it can lead to the accumulation of defense-response 
RNAs and proteins locally and systemically in the wounded leaf and at systemic sites 
to enhance the synthesis of secondary metabolites, or phytoalexins, to hydrolyze 
pathogen cell wall polymers and to strengthen and modify plant cell walls (Kombrink 
and Somssich 1997; Reymond and Farmer 1998; Walling，2000). In another pathway, 
ROS and NO are generated to stimulate SA synthesis before SA-dependent cascade to 
induce defense-response genes. This pivotal signaling event to induce defense gene 
expression is regulated primarily through the synthesis and action of the 
phytohormone jasmonic acid (JA) and ethylene (de Bruxelles and Roberts, 2001). In a 
trial of plant Arabidopsis, JA and ethylene can act either concomitantly or 
sequentially to induce expression of PR genes or cause induced systemic resistance 
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(ISR) to a broad range of pathogens infection (Walling，2000). Nonetheless, the 
defense responses do not depend on a single event but on various cross-linked 































Wound, pathogen or elicitors to plants
Hormone synthesis
 
Figure 2.2. The important signaling transduction pathways in the wound, pathogens 
or elicitors stressed plant cells. The figure is mainly based on the observations in 
Arabidopsis (adapted from Hahlbrock et al., 1986; Walling, 2000; de Bruxells and 
Roberts, 2001). 
 
The induced chemical defenses can be separated into two major categories – 
protein defense and secondary metabolite defense. The induced secondary metabolites 
include terpenoids, alkaloids, and phenolics collectively referred to as phytoalexins. 
They may puncture the cell wall, delay maturation, disrupt metabolism, prevent 
reproduction of the pathogen and act as toxins to the attacking organism (Hahlbrock 
and Scheel, 1989; Dixon and Paiva, 1995).  
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2.2.3 Elicitors of Phytoalexins Generation 
Phytoalexin production is affected by various factors, for example, the 
host-pathogen interactions, the quantity and structure of elicitors, and environmental 
stress conditions (Purkayastha, 1995). Among these factors, elicitors may play the 
pivotal role in the degree of phytoalexins producton. The signal molecules that induce 
the production of phytoalexins are called elicitors. There are two types of elicitors, the 
biotic elicitors and abiotic elicitors (Davill and Albersheim, 1984). Biotic elicitors can 
be exogenous (possibly metabolites from pathogenic microorganisms) or endogenous 
(possibly cell wall of pathogen and plant cells) (Cruickshank, 1980; Davill and 
Albersheim,1984). According to Albersheim et al. (1986) and Purkayastha (1995), 
there are three different ways to generate biotic elicitors: 1) the fungal cell wall 
oligosaccharide fragments released by the enzymes present in the plant cell walls; 2) 
the plants cell wall oligosaccharides released by the enzymes present in the fungi and 
bacteria; 3) microbial injured plants released enzymes solubilize the oligosaccharide 
fragments in plant cell walls to release elicitors. The first known phytoalexin elicitor 
was found from the cell-free extracts of fungi (Uehara, 1959). Ayers and coworkers’ 
serial studies (1976abc) had elucidated four fractions of oligosaccharides from the 
Phytophthora megasperma var. sojae (Pms) mycelial walls. The first fraction is 
primarily composed of a branched β-1, 3-glucan (Albersheim et al., 1986). The 
second and third fractions are primarily composed of a highly branched 
mannan-containing glycoprotein. The fourth fraction is a mixture of the two 
polysaccharide types found in all other three fractions but attached to proteins (Ayers 
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et al., 1976 c). Their study demonstrated that only the fraction composed the branched 
β-1, 3-glucan contains elicitor activity due to the terminal glycosyl residues in the 
glucan (Figure 2.3). Table 2.1 shows some of the reported elicitors during 
phytoalexins production in the plant seeds.  






Figure 2.3. Structure of an identified elicitor that contains phytoalexin eliciting 
activities from Phytophthora megasperma var. sojae mycelial walls. G is the glucan 
unit (adapted from Ayers et al., 1976abc). 
 
Abiotic elicitors are another group of phytoalexins producing factors associated 
with physical or chemical stress to the host. Ricci and Rousse (1983) had reported the 
production of phytoalexins phaseollin in beans due to herbicide oxadiazon. Hadwiger 
and Schwochau (1971a) had compared the eliciting activity of a group of compounds 
with structural similarity around the planar three-ring systems to the pea pods. Results 
showed that methyl green, methylene blue, 2, 7-diaminofluorene, Nile blue, neutral 
red, pyrogallol red, ethidium bromide, nogalamycin, quinine, chloroquine, spermine, 
8-azaguanine, gliotoxin, chromomycin A3, actinomycin D, and mitomycin C were 
potent abiotic elicitors to augment induction activity of phytoalexin biosynthetic 
enzyme. It was further demonstrated that most of the abiotic elicitors have the 
potential to change the conformation of host cell DNA (Ricci and Rousse, 1983), and 
their induction is dependent on new RNA and protein synthesis. Similarly, Hadwiger 
and Schwochau (1971b) observed pisatin and PAL synthesis after ultraviolet light 
treatment. Ghosh and Purkayastha (1992) reported glyceollin accumulation in 
 18
soybean plants after ajmalicine induction. Other reported abiotic elicitors include 
decreasing temperature, heavy metals, mercuric chloride, sodium iodoacetate, 
cadmium chloride, sodium selenate, actinomycin D, cupric chloride, ethylene, 
synthetic peptides, sodium azide, adscisic acid, benzylaminopurine, silver nitrate, 
ozone, SO2, and H2O2, etc. (Moesta and Grisebach,1981; Purkayastha, 1995) 
 
2.2.4 Phytoalexins and Plant’s Disease Resistance 
During the last few decades, researchers had attempted to determine the 
relationships among phytoalexins, plant antigens and disease resistance. A number of 
papers had described the importance of phytoalexins in plant defense and considered 
them as a non-conventional method of plant disease control (Dethier, 1954; Fraenkel, 
1959; Purkayastha, 1973; Ware, 1989). Insecticides and herbicides have been 
developed from some induced phytoalexins (Smith, 2005). Hain and coworkers (1993) 
had transferred the grapevine stilbene synthase genes, which were responsible for 
synthesizing the stilbene-type phytoalexin resveratrol, to tobacco to increase its 
resistance to Botrytis cinerea infection. This increased disease resistance in transgenic 
plants suggests that foreign phytoalexins in a plant can play the role of herbicides to 
confer resistance to disease (Purkayastha, 1995). Other potential phytoalexins for 
pesticide applications include nicotine extracted from tobacco, pyrethrin from the 
flowers of Chrysanthemum species, azadirachtin from the neem (Azadirachta indica), 
d-limonene from citrus species, rotenone from Derris, and capsaicin from chili pepper 
and pyrethrum (Russ, 2007). 
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In recent years, novel strategies were implemented for isolating plant compounds 
of potential medicinal and functional food values. One of the hottest areas involves 
the applications of functional phytoalexins (Mead, 2007). Phytoalexins are vast 
sources of new natural products which could be exploited for medicinal purposes 
(Purkayastha, 1995; Roberts and Wink, 1998). Its benefits on human health are 
emerging as a rewarding research area. For example, the alkaloid quinine from 
cinchona trees is used to treat malaria (Sneden, 2007). Scopolamine from the roots of 
the mandrake plant is used in pain management and to prevent motion sickness. 
Terpenes isolated from the bark of the pacific yew (Taxus brevifolia) is a valuable 
anticancer drug (Purkayastha, 1995). 
Perhaps one of the most well-known phytoalexins is resveratrol, the class of 
phytochemicals known as stilbenes that are found in over 70 plant species, including 
grapes, peanuts and various herbs (Turner et al., 1999) (Figure 2.4). Resveratrol can 
be produced in grape vines and in leaves when the leaves are attacked by the fungus 
or are exposed to UV light (Sbaghi et al., 1995). It has been found to possess a wide 
range of bioactivities such as antioxidative activity, anti-inflammation, anticancer 
activity, inhibition of lipid peroxidation, modulation of lipid metabolism, and 
estrogenic activity. In addition, it acts as calorie restriction (CR) mimetic that extends 









 Figure 2.4. Structure of cis- and trans-resveratrol. 
2.3 Soybean Phytoalexin: Glyceollins   
Glyceollin (including glyceollin isomers I, II, and III) is a group of phytoalexins 
synthesized in the plants that contain rich isoflavones (Figure 2.5). There are four 
derivatives of isoflavones: daidzein, glycitein, genistein, and malonyl genistein with 
twelve other chemical entities (Murphy et al., 2002) but daidzein is the only precursor 
of glyceollins. They are synthesized as natural defense chemicals to protect plant 
itself when it is confronted with various stresses. A number of literatures had reported 
glyceollins production in soybean seeds under various microbial infections (Ayers et 
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, lignin, anthocyanins, flavones, and tannins have the same precursor 
phenylalanine. 
 
1 Glyceollins Biosynthesis  
Overall, most phytoalexins synthesis, including glyceollins, lignin and suberin 
monomers, are all produced via the phenylpropanoid biosynthetic pathway 
(Hahlbrock and Scheel, 1989; Dixon and Paiva, 1995). A few studies had reported the 
initiation of glyceollin biosynthesis after fungal stress (Welle and Grisebach, 1988; 
Yu et al., 2003). In the study of Yu et al. (2003), with the infection of the fungus 
Phytophthora megasperma f. sp. Glyixea, the mycelia walls glucan elicitor stimulated 
the accumulation of glyceollin in hypocotyls of soybean seedlings. This accumulation, 
which levels off after 24 hours, is preceded by a dramatic, transient rise in extractable 
activities of several key phenylpropanoid biosynthetic enzymes (Yu et al., 2003) 



































































Figure 2.6. The early steps of glyceollins, isoflavones, lignin, anthocyanins, flavones, 
and tannins biosynthesis start from phenylalanine. Dotted arrows represent multiple 
steps; the block arrow represents speculative steps (adapted from Kimpel and Kosuge, 
1985). 
 
There are three enzymes involved in the early biosynthetic pathways from 
phenylalanine to p-coumaryl CoA: (1) phenylalanine ammonia-lyase (PAL); (2) 
cinnamic acid 4-hydroxlase (CA4H); and (3) p-coumarate CoA ligase (pCL) (Figure 
2.6). Among these enzymes, PAL was found to be the key enzyme of glyceollins 
production. In addition, changes in pCL activity and levels of phenylalanine reveal 
additional controls over the pathway (Kimpel and Kosuge, 1985). Further studies 
showed that in the early enzymatic steps these three enzymes play regulatory control 
for carbon flow and divert carbon from primary to secondary metabolites. Reduction 
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of the extractable activities of PAL and pCL can decrease the carbon flux through the 
p-coumaric acid pool, which is the early intermediate in glyceollin production, and 
cause the limitation of glyceollins accumulation (Kimpel and Kosuge, 1985).  
Figure 2.7 shows the pathways of synthesis from daidzein to glyceollins. After 
synthesizing daidzein, isoflavone 2’-hydroxylase was activated to catalyse C2’ 
hydroxylation and thus obtain 2’-hydroxydaidzein intermediates. The intermediate 
was further reduced by 2'-hydroxydaidzein reductase at C2 corresponding with 
2’-hydroxy-2, 3-dihydrodaidzein production. Prenaylated pterocarpans are 
subsequently synthesized by the pterocarpan synthase. In contrast to those simple 
pterocarpans synthesis, the complex prenylated pterocarpans (the intermediates for 
phaseollin and glyceollin production) are derived from the 5-deoxyisoflavone 
daidzein but do not involve a methoxylation step during their biosynthesis. 
Prenylation of pterocarpans and isoflavonoids in general leads to more complex 
structures, improves lipid solubility and has been reported to increase the antifungal 
and antifeedant activity (Tahara, 1995). (6aR, 11aR)-3, 9-dihydroxypterocarpan is 
stereospecifically hydroxylated by 3, 9-dihydroxypterocarpan 6a-monooxygenase at 
the 6a position of to obtain glycinol, which is the key intermediate compound before 
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Figure 2.7. Biosynthesis of glyceollins from daidzein. Enzymes joint in the 
biosynthesis are: EC 1.14.13.89, isoflavone 2’-hydroxylase; EC 1.3.1.51, 
2'-hydroxydaidzein reductase; EC 1.1.1.246, pterocarpan synthase; EC 1.14.13.28, 
3,9-dihydroxypterocarpan 6a-monooxygenase; EC 2.5.1.36, trihydroxypterocarpan 
dimethylallyltransferase; EC 1.14.13.85, dimethylallyl-3,6a,9-trihydroxypterocarpan 
cyclase, which is the glyceollin synthase (adapt from Yu et al., 2003 and MetaCyc 
Pathway). 
 
may also lead to other intermediates such as phaseollin and pisatin biosynthesis. 
(Kochs, 1989; Biocyc Database Collection (MetaCyc Pathway); Biggs et al., 1987). 
After obtaining glycinol, trihydroxypterocarpan dimethylallyltransferase activity 
introduced the dimethylallyl groups (dimethyl diphosphate) to (-)-glycinol leading to 
two prenylated precursors, (6aS, 11aS)-4-dimethylallyl-3, 6a, 9-trihydroxypterocarpan 
 25
(glyceollidin I) and (6aS, 11aS)-2-dimethylallyl-3, 6a, 9-trihydroxypterocarpan 
(glyceollidin II). NADPH-dependent and oxygen-dependent cyclization of 
glyceollidin I and II in dimethylallyl group by dimethylallyl-3, 6a, 
9-trihydroxypterocarpan cyclase, the glyceollin synthase and cytochrome 
P-450-dependent monooxygenase, generates the three glyceollins (I - III). This 
particular cyclase can be inhibited in a light-reversible manner by carbon monoxide in 
the presence of oxygen or inhibited by cytochromec, NADP+, and a number of 
inhibitors of cytochrome P-450 enzymes (MetaCyc Pathway; Hagmann et al., 1984; 
Welle and Grisebach, 1988). Welle and Grisebach (1988) demonstrated that 
unstressed soybean cell did not contain detectable cyclase activity, while challenge 
with either a glucan elicitor from Phytophthora megasperma f.sp. glyoinea or with 
yeast extract can cause strong stimulation of cyclase activity with a maximum at 
about 24 h after elicitor addition. Such findings are consistent with the mechanisms of 
long-term phytoalexins production (de Bruxells and Roberts, 2001).  
 
2.3.2 Biological Properties of Glyceollins  
Although glyceollins had been first reported for many decades (Sims et al., 1972), 
it had only attracted some attention in recent years for the discoveries of bioactivities. 
Glyceollins have been proven to possess stronger antimicrobial effects than its 
precursor daidzein and can be a promising hormone replacement therapy for 
conventional medicines (Burow et al., 2002). The most interesting finding of 
glyceollins is their strong antiestrogenic effects and the abilitiy to stop cancer cells 
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from proliferating. Burow and coworkers (2002) firstly reported the antiestrogenic 
effect of glyceollins on estrogen receptor (ER) signaling, which correlated with a 
comparable suppression of 17b-estradiol-induced proliferation in ER-positive 
estrogen-dependent MCF-7 human breast carcinoma cell line. Their further evaluation 
revealed a greater antagonism of glyceollins towards ERα than ERβ in transiently 
trans-infected ER-negative HEK 293 cells. The same research group also compared 
the effects of glyceollins on the growth of MCF-7 breast cancer cells and BG-1 
ovarian cancer cells. The malignant cells were primarily grafted onto the female 
ovariectomized mice and then divided into four treatment groups including control, 
estradiol (a hormone replacement therapy) only, glyceollins only and estradiol plus 
glyceollins with a dosage of 20 mg/kg/day each. Their investigation indicated that the 
glyceollins suppressed MCF-7 tumor growth by 53.4% and BG-1 tumor growth by 
73.1%, compared to estradiol alone. Interestingly, glyceollins completely suppressed 
estradiol-induced expression of progesterone receptors, which is one of the common 
side effects of estradiol, in MCF-7 cells and partially suppressed their expression in 
the BG-1 cells. Thus, glyceollins seem to exert its anticancer activity, in part, by 
interfering with the cancer cell’s ability to respond to estradiol, the most potent 
endogenous estrogen and a major growth stimulus for breast and ovarian cancers 
(Cleveland, 2006; Mead, 2007). Recently, animal trials had been conducted in 
postmenopausal female monkeys with glyceollin-enriched soy protein to study the 
estrogen-antagonist effects on biomarkers for breast cancer risk. Their results showed 
that breast proliferation was significantly increased in the control group (feeded with 
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estradiol (E2, 1 mg/day) + casein/lactalbumin) but not in the GLY group (feeded with 
estradiol (E2, 1 mg/day) + glyceollin-enriched soy protein containing 189 mg/day 
isoflavonoids + 134 mg/day glyceollins). Moreover, gene expression of the markers 
of estrogen receptor activity in breast epithelium were also significantly higher in the 
control but not in the GLY group. They suggested that soybean glyceollins are natural 

























FUNGUS-STRESSED GERMINATION OF BLACK SOYBEANS LEADS TO 














3.1 Introduction  
3.1.1 Soybean and its Nutritional Values 
Soybean belongs to the family Leguminosae, subfamily Papilionoideae, and the 
genus Glycine L. It is a cultural variety with a very large number of cultivars and 
different coat colors, including black, brown, blue, yellow, and mottled. Soybeans 
have a very long history in China, Japan, Korea and Southeast Asia countries. Miso, 
natto, tofu, tempeh, soy flour, soy milk, and soy sauce are very popular soy food 
products in these countries. Soybean is one of the most important plant foods that 
contain a rich nutritious package. It contains high contents of macro-nutrients 
including protein, most essential amino acids in the amounts needed for human health, 
mono and polyunsaturated fatty acids (Liu, 2004), with various micro-nutrients 
including vitamins and various minerals (Appendix Table 1).  
 
3.1.2 Secondary Metabolites in Soybean 
Besides primary metabolites, phenolic antioxidants including isoflavones 
comprise the majority of secondary metabolites in soybeans (Hopkins, 2004).  
Phenolic Antioxidants. The significant component in soy products is a group of 
phenolic antioxidants. Soy foods are a rich source of polyphenolics such as 
protocatechuic, p-hydroxybenzoic, gentistic, sinapic, salicylic, isoferulic, chlorogenic 
acids, caffeic acid, p-coumaric acid, o-coumaric acid, syringic acid, ferulic acid, and 
vanillic acid (Seo and Morr, 1984; McCue and Shetty 2005; Kim et al., 2005). In the 
study by Seo et al., (1984), the phenolic acids had a concentration range from 28 to 
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72% of the total phenolics level in soybean. Phenolic acids play significant roles in 
soybean foods due to their antioxidant activity and possible effects on flavor of the 
soy foods (Arai et al., 1966). Rackis and coworkers (1970) reported that the phenolic 
acids, especially syringic and ferulic acid, are effective free radical inhibitors in vitro 
and in the intestinal segments of dogs. They also identified two isomers of 
chlorogenic acid, presumably isochlorogenic and chlorogenic acid. 
Isoflavones. Legumes, including soybeans, peanuts and chickpeas, are an 
abundant source of isoflavones, which is a type of phytoestrogen in the human diet to 
mimic estrogen. There are four derivatives of isoflavones: daidzein, glycitein, 
genistein and malonyl genistein (Figure 3.1) in soybeans with 12 chemical forms. 
Genistein, daidzein and glycitein are the aglycons with three glucoside forms 
including β-glucoside form, 6”-O-malonyl-glucoside form and 6”-O-acetyl-glucoside 
form. Table 3.1 shows the specific classification and structures of isoflavone classes 
(Murphy et al., 2002; Penalvo et al., 2004). Most of the isoflavones contained in 














Figure 3.1. General structure of isoflavones. 
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Table 3.1. Structural Classifications of Isoflavones 
e Abbrev. R1 R2 R3 
Genistein Ge OH H  
Glycitein Gly H OCH3  
Daidzein Da H H  
Daidzin Din H H H 
Genistin Gin OH H H 
Glycitin Glyn H OCH3 H 
6’’-O-Acetyldaidzin Adin H H COCH3
6’’-O-Acetylgenistin Agin OH H COCH3
6’’-O-Acetylglycitin Aglyn H OCH3 COCH3
6’’-O-Malonyldaidzin Mdin H H COCH2COOH 
6’’-O-Malonylgenistin Mgin OH H COCH2COOH 
6’’-O-Malonylglycitin Mglyn H OCH3 COCH2COOH 
     Adapted from: Penalvo et al., 2004 
 
  Studies have shown that isoflavones can reduce the risk of cardiovascular 
diseases, breast cancer, prostate cancer, colon cancer, osteoporosis and coronary heart 
disease. Moreover, the weak estrogen activity of isoflavones makes soybean foods the 
alternative to hormone therapy for menopausal women (Wardencki et al., 2004). 
Recently, genistein was demonstrated to act as a potent and specific inhibitor of 
protein tyrosine kinases and thus was associated with anticarcinogenic activity (Choi 
et al., 2002). Other health benefits of isoflavones are corresponding to their ability to 
reduce serum cholesterol levels (Anderson et al., 1995; Sirtori et al., 1995).  
 
3.1.3 Black Soybean 
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Among the soybean cultivars, black soybean (Glycine max (L.) Merrill) has a 
black seed coat and belongs to the family Leguminosae. It has been used in traditional 
Chinese medicine as functional food since ancient times, yet it is not as widely 
produced and consumed as typical yellow soybeans. A few studies demonstrated that 
black soy beans have more bioactive micronutrients than the yellow counterpart (Kim 
et al., 2005). A high molecular weight polysaccharide of black soybean with an 
α-linked glucan structure was found to provide immune regulation and anti-tumour 
effects (Liao et al., 2001). Black soybeans and its germinated seeds possess a greater 
antioxidant capacity than yellow soybeans (Lin and Lai, 2006). With its higher 
polyphenol content, black soybeans was shown to be more effective in inhibiting low 
density lipoprotein (LDL) oxidation and may be more effective in preventing 
oxidative stress (Takahashi et al., 2005). Black soybean-containing herbal 
prescriptions can increase the number of circulating white blood cells in leukopenic 
patients (Wang, 1992). Despite the potentially greater health benefits of black 
soybeans, they are not fully explored as ingredients for functional soy products.  
 
3.1.4 Objectives  
As introduced in Chapter 2, phytoalexins and their benefits to human health are 
just emerging into a rewarding research area. Among the complicated phytoalexins, 
glyceollins generated from isoflavones-containing soybeans are particularly 
interesting due to their marked bioactivities. Although glyceollins may render 
soybeans some added health benefits, they are not present in a significant amount in 
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soy products in the market. This is because the cultivated soybeans typically do not 
encounter pathogens that elicit the production of glyceollins. In pursuit of developing 
novel and more nutritious fermented food derived from black soybean and also 
eliminating the undesired antinutrients, the germinating black soybeans were 
inoculated with microbes.  
The objectives of this study were:  
1. using different food grade fungi to stress germinating black soybeans to compare 
the ability of glyceollins production. 
2. studying the changes of secondary metabolites upon fungal stress and the 
production of other phytoalexins in addition to glyceollins. 
 
3.2 Materials and Methods 
3.2.1 Materials and Instruments.  
The tempeh starter culture, Rhizopus oligosporous, was bought from PT. Aneka 
Fermentasi Industri (Bandung, Indonesia). The identity of the fungus was confirmed 
at the School of Technobiology at Indonesia Catholic University (Jakarta, Indonesia). 
Black soybeans were products of China and were purchased from a local supermarket. 
Aspergillus niger wry, Aspergillus oryzae and Aspergillus niger were cultivated in- 
house. Sephadex LH-20 was purchased from Pharmacia (USA). All the solvents were 
reagent grade unless otherwise stated. The HPLC analysis was carried out on a Waters 
HPLC system with a 2996 PDA detector. 1H NMR spectra were recorded in 
deuterated chloroform with a Bruker AC300 spectrometer. All the samples were 
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vacuum dried for 24 hours before dissolving in deuterated solvent. LC/MS spectra 
were acquired using Finnigan/MAT LCQ ion trap mass spectrometer (San Jose, CA, 
USA) equipped with TSP 4000 HPLC system and UV6000LP PDA detector, P4000 
quaternary pump and AS3000 autosampler.  
 
3.2.2 Black Soybean Germination and Fungal Inoculations  
R. oligosporus culture powder (1.0 g) was suspended in sterile deionised water 
(15.0 mL) to obtain a spore suspension. A. niger wry, A. oryzae and A. niger were 
cultivated in the potato dextrose agar (Difco, USA). After incubating at 25 °C in the 
dark for three days, sterilized de-ionized water was added to the tube to wash out the 
fungal spores. Dilution was carried out for each fungal suspension in the sterile water 
to obtain a 15 mL spore suspension for inoculation. The fungal inoculations were 
carried out on the black soybean cotyledons according to the method reported by 
Boué (Boué et al., 2000) with some modifications. Black soybean seeds (200 grams) 
were surface-sterilized in 400 mL 70% ethanol for 3 min and then rinsed three times 
with water (500 mL) to wash away the ethanol. Seeds were soaked in sterile water for 
10 hours. The water was drained from the soaked beans and each bean was peeled 
without spoiling the radicals. The prepared fungal culture suspension was inoculated 
onto the beans and mixed well (15 mL of each fungal suspension inoculated 200 g of 
black soybeans). The inoculated beans were laid on a sterile container (30 × 50 cm) 
lined with two autoclaved filter papers moistened with 30 mL of sterile water. The 
containers were sealed with parafilm and incubated at 25oC in the dark. The control 
 35
group of black soybeans was also prepared with identical procedures except that no 
fungus was inoculated onto the beans. A seven-day time-course study was conducted 
to compare the fungal growth and soybean germination. In the research, the 
abbreviations were used as: control sample (ungerminated beans, UG), germinated 
beans sample (G), and germinated beans sample under fungal stress (GS). 
 
3.2.3 Compound Identification and Isolation.  
Soybean samples were homogenized in 80% ethanol (7 mL per gram of seeds) 
and then heated at 50 °C for one hour in a water bath with continuous shaking. After 
the sample was cooled, the mixtures were centrifuged at 14,000 g for 15 min. The 
supernatant was collected and filtered through a PTFE membrane (0.45 µM) before 
injecting to HPLC instrument. The detection wavelength was set from 210 to 400 nm. 
The separation was accomplished on a Shimadzu ODS-VP (4.6 × 250 mm, 5 µm i.d.) 
column with water (A) and acetonitrile (B) as mobile phase. The injection volume 
was 20 µL. The gradient was as follows:  0 – 1 min, A 100%; 1 – 17 min, A from 
100% to 55%; 17 – 27 min, A from 55% to 10%; 27 – 33 min, A 10%; 33 – 35 min, A 
from 10% to 100%; 35 – 40 min, A 100%. The chromatographs of other treated 
soybeans were compared. Their UV spectra were also obtained. 
LC/MS spectra were acquired using Finnigan/MAT LCQ ion trap mass 
spectrometer (San Jose, CA, USA) equipped with TSP 4000 HPLC system, which 
includes UV6000LP PDA detector, P4000 quaternary pump and AS3000 autosampler. 
The heated capillary and spray voltage were maintained at 250 °C and 4.5 kV, 
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respectively. Nitrogen is operated at 80 psi for sheath gas flow rate and 20 psi for 
auxiliary gas flow rate. The full scan mass spectra from m/z 50–2000 were acquired 
both in positive and negative ion mode with a scan speed of one scan per second. 
Secondary and tertiary MS were conducted according to primary MS fragments. The 
gradient was identical as the HPLC condition.  
After HPLC, UV, LC-MS identification to obtain the image of the new generated 
compounds in the treated soybeans, semi-prep scale of G, UG, and GS soybeans were 
prepared to isolate the unknown compounds for NMR identification.  
For preparative isolation of these generated compounds, the ethanol extracted 
supernatant was concentrated to a small volume (~ 10 mL, contains mainly water). 
Equal volume of petroleum ether (b. p. 35 - 60 oC) was added to the concentrated 
supernatant and extracted for one hour with vigorous shaking at room temperature. 
After separating the ether layer, the extraction was repeated to the aqueous layer. The 
ether layers of the two extractions were combined and evaporated by rotary 
evaporator under reduced pressure at 40°C. The concentrated residue was dissolved in 
a small volume of hexane and transferred to a silica gel column (20 × 4.5 cm, silica 
gel 60) for crude separation. The column was pre-equilibrated with hexane and 
successively eluted with hexane (300 mL), hexane/ethyl acetate mixture (300 mL 
each with a ratio of 7:3, 6:4, 5:5, 4:6, 2:8, and 0:10 v/v) at a flow rate of 4 mL/min. 
Each fraction (20 mL) was collected and concentrated through rotary evaporation 
under reduced pressure at 40°C. The collected fractions are further injected to HPLC. 
UV spectrum of each peak was collected from the respective HPLC chromatograph. 
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Structural elucidation demonstrated that the generated compounds in fungal stressed 
soybeans are glyceollins (Rt. 28.9 min and the near associated peaks) and KODES 
(including KODES and KODE glyceryl esters, Rt. 33.83 min and the near associated 
peaks). 
Fractions containing KODEs and KODE glyceryl esters with the largest 
absorption wavelength of 275 – 279 nm were further purified in semi-preparative 
HPLC (vide infra). The sample solution was dried under a rotary evaporator with 
reduced pressure and further diluted in a few miniliters of methanol. The purification 
was conducted in a Waters HPLC system using an YMC - Pack ODS - AM C18 (10 × 
250 mm; 5 µm) column. Elution was carried out at a flow rate of 5.0 mL/min with the 
following solvent system and gradient: water (A); acetonitrile (B); 0% B to 45% B in 
17 min, then 45% B to 90% B in 10 min, followed by holding at 90% B for 6 min. 
The collected pure compounds (~ 10 mg) were identified via MS and 1H NMR 
spectroscopy. 
Fractions containing glyceollins with the largest absorption wavelength at 
230nm and 285nm were also purified (vide infra). The extracted sample solution was 
dried under rotary evaporator with reduced pressure at 40 oC and further diluted in a 
few mL of methanol - dichromethane mixture (1:1, v/v). The Sephadex LH-20 
column (2.5 × 20 cm, 50 gram) was equilibrated with methanol - dichromethane 
(1:1, v/v) overnight before loading the crude sample. The column was eluted 
continuously with methanol - dichromethane (1:1, v/v) with an isocratic flow rate of 1 
mL/min. The collected fractions (5 mL each) were concentrated through a rotary 
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evaporator under reduced pressure at 40 oC. The purified sample was reloaded to the 
Sephadex LH-20 column (2.5 × 20 cm) using the same eluted condition if necessary. 
The highly purified sample was identified via MS and 1H NMR spectroscopy. 
 
3.3 Results 
3.3.1 Fungal Growth in Germinating Black Soybeans  
A seven-day time-course study was conducted to compare the effects of different 
fungal growth on germinated black soybeans. Figure 3.2 shows the appearance of A. 
niger, A. oryzae, A. niger sp. wry and R. oligosporus stressed-germination beans (GS) 
and compared with the control beans (UG) on the third day. The primary root began 
to grow for the beans stressed with different fungi after day 2 onwards. After three 
days, the sprout of the control beans reached an average length of 1 cm. The length 
increased continually from day 3 onwards (not shown). Black mycelia were grown in 
the beans cotyledon of sample B and D from day one onwards. Necrosis in the 
cotyledon surface tissue was also observed in a hue of dark brown color in the R. 
oligosporus stressed-germinated counterpart (E). The necrotic area spread rapidly 
along the growth of fungal mycelia. The necrosis subsequently inhibited beans 
germination. In addition, the necrotic soybeans also turned soft. The control soybeans 
in each petri dish had also sprouted. Some of the beans were contaminated to some 

























Figure 3.2. Appearance of different fungus-stressed germinating black soybeans after 
3 days. Codes and identities: A, control, soybeans without fungal stress; B, A. niger 
stressed soybeans; C, A. oryzae stressed; D, A. niger sp. wry stressed soybeans; E, R. 
oligosporus stressed soybeans. 
 
3.3.2 Fungal Stress to Germinate KODES and Glyceollins  
Figure 3.3 shows the HPLC chromatographs under various fungal stress. There 
are 11 groups of peaks which appeared in the HPLC chromatogram. The identities of 
the peaks were verified in combination with UV spectrum (Figure 3.4) and LC-MS.  
After comparing with the standard UV spectrum and according to the respective 
mass spectra, peaks 1 to 7 were identified to be: 1, genistin; 2, malonyl daidzin; 3, 
malonyl glycitin; 4, daidzein; 5, glycitein; 6, malonyl genistin; 7, genistein (Figure 
3.3). Besides, there were some newly generated peaks from 8 – 11 in the fungal 































































































































Figure 3.3. HPLC Chromatograms of UG black soybeans, G black soybeans after 
three days and GS black soybeans with A. niger, A. oryzae, A. niger sp. wry and R. 
oligosporus after three days. Peak identities: 1, genistin; 2, malonyl daidzin; 3, 
malonyl glycitin; 4, daidzein; 5, glycitein; 6, malonyl genistin; 7, genistein; 8 – 9 






















































































































































































Figure 3.4. UV spectra of detected isoflavones, glyceollins (peak 9), KODE glyceryl 
esters (peak 10 associated peaks) and KODES (peak 11 and associated peaks).  
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peak 9 was 229.8 nm and 285.4nm; the peak groups of 10 (Rt. 33.5-35.5min) were 
277 nm and 279.4nm; the peak groups of 11 (Rt. 35.5 -37.5min) are 275.9 and 
279.4nm (Figure 3.4). Peak 10 and 11 are clusters of peaks with minor absorption 
differences, suggesting these peaks to be isomers. Structural characterization 
demonstrated that peak 9 is the glyceollins, peak 10 is KODE glyceryl ester isomers, 
and peak 11 is KODE isomers. 
In both germinated (G) and un-germinated (UG) control samples, the malonyl 
daidzin (peak 2) and malonyl genistin (peak 6) are the major compounds along with 
comparable minor peaks (Figure 3.3). Only an insignificant increase of the 
glyceollins (peak 9 and the associated peaks nearby) and KODEs (peak 14) was seen 
in the control samples, which may have been due to minor spoilages occurring during 
germination. 
From the time-course study, the relative concentration of glyceollins (peak 9), 
KODES glyceryl esters (peak 10) and KODES (peak 11) had increased accordingly 
along the stressed period as shown in Figure 3.5. In addition, the profiles of peak 9, 
10 and 11 were highly dependent on the types of fungi (Figure 3.6). From the 
three-day time-course comparison, very small amount of KODES glyceryl esters were 
detected when using A. niger or A. oryzae as the elicitors. In addition, A. oryzae 
elicited the lowest amount of glyceollins. This result was quite different from that of 
the literature, which reported that A. oryzae and A. niger elicited comparable and 
significant amount (660 vs 623 µg/g fresh weight) of glyceollins from soybean 
cotyledons of Pioneer 95B41 (Lyne and Mulheirn,1978). White rice yeast (A. niger sp. 
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wry), which is a common starter culture readily available in Singapore for rice wine 
fermentation, had also given only moderate amount of glyceollins and KODEs. The 
different bean species, the microbial strains, and the variations in the amount of 
elicitor applied may contribute to the differences observed. R. oligosporous is a far 
more effective elicitor than A. niger and A. oryzae. The amount of the glyceollins 
elicited from black soybeans by R. oligosporous was close to 7 mg/ g (dry matter) in 
addition to the highest amount of KODEs and KODEs glyceryl esters. Remarkably, 
the glyceollins precursors, malonyl daidzin and daidzein, did not decrease while the 
glyceollins were accumulated. This apparent increase of glyceollins may be accounted 
for if the soybean seeds synthesize glyceollins from the originally present daidzein 
and recently synthesized daidzein from phenylalanine (Chapter 2, Figure 2.6 & Figure 
2.7). In order to confirm whether glyceollins, KODEs and their glyceryl esters were 
produced by fungi themselves, the mycelia and conidia of each strain grown in the 
soybeans was collected and treated with the same extraction method but none of these 
compounds were detected by HPLC chromatography. To rule out the possibility that 
the KODEs were produced by the fungal action on soybeans, the thermally 
deactivated soybeans were inoculated with R. oligosporous for three days and the 
resulting soybeans were analyzed to find no significant amount of KODEs.  
Therefore, glyceollins, KODEs and their glyceryl esters were produced by the 



































Figure 3.5. Glyceollins and KODEs production with Rhizopus sp. fermentation on 
black soybeans in a three days time course study. Peaks and identities: 1, glyceollins; 






























glyceollin KODEs KODE glyceryl esters
A. oryzae A. niger A. niger sp. wry R. oligosporus  
Figure 3.6. Comparison of the concentrations of glyceollins, KODEs and KODE 
glyceryl esters in the black soybeans stressed by four different fungal strains with a 
three - day germination. All the runs were in triplicate.  
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Since R. oligosporus stressed black soybeans generated the highest amount of 
glyceollins and KODEs under the same stressing conditions, R. oligosporus stressed 
samples were prepared on a large scale basis to isolate and purify glyceollins and 
KODES for subsequent structural identification. 
The pure glyceollins which were collected were dissolved in methanol and were 
subjected to ESI-MS. The identities of the glyceollins were derived from the MSn 
spectroscopy. The ESI-MS of peak 9 exhibit m/z 339 (cation) and 337 (anion) and the 
fragmentation pattern loss of a water molecule exhibit m/z 321 (Figure 3.7). The 
secondary and tertiary structures are also obtained, which were consistent with the 
well elucidated glyceollin strucutres (Burden and Bailey, 1975; Arthur et al., 1976; 
Yoshikawa et al., 1978). So far, there were five glyceollins reported from elicitation 
of soybeans using cupric chloride (Lyne and Mulheirn, 1978). While in 
fungus-stressed soybeans, only glyceollins I, II, and III are detected as it is the case in 
our study. Glyceollin I was consistently dominant among the three isomers.  
 
 
Figure 3.7. A representative ESI (positive and negative ion) mass spectrum of 
glyceollin I. 
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3.3.3 Characterization of KODEs and KODE Glyceryl Esters  
Under ESI-MS negative ion mode, peak 11 and associated peak clusters had the 
same molecular ion of m/z 293. Moreover, they had similar UV spectrum as shown in 
Figure 3.4, indicating that they were four isomers. ESI-HRMS was further conducted 
to get the accurate molecular weight of 294.2196. The molecular formula was 
calculated and estimated to be C18H30O3. Secondary and tertiary MS were thus carried 
out to get full fragmentation patterns (Table 3.2, Appendix Figure 1), which were in 
agreement with the patterns of organically synthesized KODEs reported by Dufor and 
Loonis (2005). Moreover, 1H NMR results of the four isomers were consistent with 
those of KODEs published previously by Kawagishi and coworkers (2002) who 
isolated the KODEs from mushroom (Appendix Figure 2). Accordingly, the 
structural assignments of these compounds were identified as 
13-Z,E-oxooctadeca-9,11-dienoic acid (13-Z,E-KODE), 13-E, E-oxooctadeca-9,11- 
dienoic acid (13-E, E-KODE), 9-E, Z-oxooctadeca-10, 12-dienoic acid (9-E, 
Z-KODE), 9-E, E-oxooctadeca-10, 12-dienoic acid (9-E, E-KODE) respectively 
(Figure 3.8). In general, mass spectra of the KODEs revealed a common molecular 
ion at m/z 293 for [M-H]-. Dehydration from the molecular ion led to m/z 275 
fragment. The ion at m/z 249 was a decarboxylation fragment. For 13-Z, E-KODE 
and 13-E, E-KODE, characteristic fragments at m/z 195 and 179 were obtained from 
scission between C13 and C14. Successive fragmentations of 195 led to characteristic 
ions at m/z 167 and 113 due to the loss of ethylene or CO. Typical ions for 9-E, 
Z-KODE and 9-E, E-KODE were detected at m/z 197, 185, 177,149, 141, 125, 123 
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and 113. Cleavage between C11 and C12 may result in m/z 197 while cleavage 


































13-Z,E-KODE glyceryl ester  
 




Table 3.2. Negative Ions (m/z) and Proposed Structures for Fragments of KODEs 
Fragments m/z (relative abundance) 
 
13-Z, E -KODE, 
13-E, E – KODE 
9-E, Z - KODE, 
9-E, E - KODE 
[M-H]- 293 (20) a 293 (60) 
[M-OH-H]- 275 (48) 275 (28) 
  257 (18) 
[M-CO2-H]- 249 (58) 249 (52) 
[M-CH3(CH2)4CHCH2-H]-  197 (18) 
[M-CH3(CH2)2CHCH2-CO-H]- 195 (4)  
  185 (60) 
[M-CH3(CH2)2CHCH2-CO2-H]- 179 (22)  
  177 (16) 
[M-CH3(CH2)2CHCH2COCH2CH2-H]- 167 (18) 167 (8) 
  149 (22) 
[M-CH3(CH2)4(CHCH)2CHO-H]-  141 (8) 
[M-CH3(CH2)4CHCHCHCH2CO2H]-  125 (10) 
[CH3(CH2)4CHCHCHCH2-H]- 113 (58) 113 (60) 
 a Abundances for secondary and tertiary ESI-MS fragment ions at voltage 35.00 V 
Table 3.3. 1H NMR Spectral Data for KODEs a, b










3 1.5-1.7 (4H,m) 1.5-1.7 (4H,m) 1.5-1.7 (4H,m) 1.5-1.7 (2H,m) 
4-6, 16, 17 1.20-1.40 (12H,m) 1.20-1.40 (12H,m) 1.20-1.40 (10H,m) 1.20-1.40 (2H,m) 
7 1.20-1.40 (12H,m) 1.20-1.40 (12H,m) 1.6 (4H,m) 1.6 (2H,m) 





9 5.91 (1H,dt) 6.15 (2H,m) --- --- 
10 6.12 (1H,dd) 6.15 (2H,m) 6.16 (1H,m) 
6.05(1H,d,J=15.3 
Hz) 




6.12 (1Hdd,) 6.15 (2H,m) 






2.3 (2H,dt) 2.16 (2H,m) 
15 1.6 (2H,) 1.6 (2H,m) 1.42 (2H,m) 1.42 (2H,m) 
18 0.87(3H,t,J=6.9Hz) 0.87(3H,t,J=6.9Hz) 0.87(3H,t,J=6.9Hz) 0.87(3H,t,J=6.9Hz)
a Chemical shift, δ, ppm. b Analytes were dissolved in CDCl3, chemical shifts were 
referenced to CHCl3 (7.26 ppm). 
 49
In agreement with the MS data, the 1H NMR data of isolated KODEs is shown in 
Table 3.3. The identity and quantification of the KODEs were further confirmed by 
HPLC chromatograms spiked with authentic samples obtained commercially. 
 Peaks 10 and associated peak clusters gave the same molecular ions of m/z 367 
with similar UV spectrum, suggesting that they were four isomers. ESI-HRMS was 
further conducted to get the accurate molecular weight of 368.2564. The molecular 
formula were determined by high resolution MS as C21H36O5. A daughter ion of m/z 
293 was detected for all four compounds. Secondary and tertiary MS were further 
conducted to get full fragmentations, which are identical to those for KODEs shown 
in Table 3.2. Therefore, compounds for peaks 10 clusters are derivatives of KODEs, 
with mass difference of 74 being a glyceryl moiety, CH2 (3’)OH-CH (2’)OH-CH2 (1’)-. 
This moiety assignment is confirmed from the NMR data of isolated samples, which 
gave signals at 4.12 (H1’a), 4.17 (dd, J = 11.6, 6.3 Hz, H1’b), 3.90 (m, H2’), 3.57 (dd, J 
= 11.1, 5.5 Hz, H3’a), 3.67 (dd, J = 11.1, 3.4 Hz, H3’b).  Therefore the KODEs are not 
attached to the C2’ hydroxyl groups which would give rise to compound with mirror 
plane and the 1H NMR spectra of C1’ and C3’ would be identical (Table 3.2 and 
Figure 3.8).   
 
3.4 Discussion 
Plant phytoalexins can be generated by biotic and abiotic elicitors. Biotic elicitors 
from infected pathogens are the most common sources for phytoalexins generation 
(Purkayastha 1995). It was observed that the inoculation of the germinating black 
soybeans with different fungi also elicit the formation of glyceollins. The findings 
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also demonstrated that the amount of glyceollins formed is highly dependent on the 
type of microbes used. Among the few elicitors that were tested, R. oligosporous was 
the most effective elicitor with over 7 mg/g (dry soybean) glyceollins formed. Since R. 
oligosporus fermentation on soybeans can improve their digestibility and nutritional 
value during tempeh making (Wiesel et al., 1997), it can be expected that R. 
oligosporus stress on germinated beans can significantly fortify the soybeans with 
nutritional ingredients in addition to enriched glyceollins. 
The isoflavone profiles of fungus-stressed beans (GS) were drastically changed 
compared to that of the un-germinated beans (UG) (Figure 3.3). As introduced in 
Chapter 2, fungal stress can initiate the biosynthesis of isoflavones daidzein, genistein, 
and glycitein started from phenylalanine (Figure 2.6). Therefore, it is possible that a 
part of glyceollins are synthesized from originally present daidzein; the rest are 
synthesized from phenylalanine.  
Formation of KODES under stress-germination of soybeans was unprecedented 
and they may be considered as phytoalexins according to the broader definition of 
phytoallexins as small molecular compounds generated by plants under stress 
(Wojtaszek 1997; Chandra et al., 2000). In fact, most oxylipins can impair the growth 
of plant microbial pathogens. 9-KODEs, at concentration of 100 µM, are highly 
effective in inhibiting Phytophthora parasitica nicotianae and Cladosporium 



















Figure 3.9. The proposed pathways for enzymatic formation of 13 - E, E – KODE via 
linoleic acid in fungal stressed germination of black soybeans. 
 
were much lower taking into account of the whole soybean dry matters. However, the 
localized KODEs concentration in the soybean tissues with direct contact with the 
fungi may be high enough for effective inhibition of the growth of the fungi.  The 
formation of KODEs could be resulted from oxidative burst, an early plant response 
to pathogen infection with rapid and transient production of large amount of reactive 
oxygen species (ROS), primarily superoxide (O2-) and hydrogen peroxide (H2O2). 
Guo and coworkers (1998) found that the treatment of soybean cell suspension 
cultures with avirulent pathogens can trigger an oxidative burst and result in 
expressions of the isoflavonoid phytoalexin glyceollins (Apostol et al., 1989; Devlin 
and Gustine, 1992). One might suspect that the excessive radical activity might trigger 
lipid peroxidation and lead to formation of KODEs as one of the secondary products. 
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However, the unequal distribution of the four isomers KODEs speaks against this 
possibility. Methyl linoleate with 2, 2'-azobis (2, 4-dimethylvaleronitrile) (AMVN, a 
lipid soluble radical initiator) was independently oxidized and the resulting 
hydroperoxides (HPODE) had an equal distribution of four products corresponding to 
four isomers of HPODEs consistent with literature report (Punta et al., 2005). Instead, 
the linoleic acid in the soybean may be oxidized selectively by lipoxygenases to give 
hydroperoxyoctadecadienoic acid (HPODE). HPODEs can be reduced by 
hydroperoxidase to hydroxyloctadecadienoic acid (HODE), the latter dehydrogenated 
to give KODEs. Such pathways can be demonstrated from the detected intermediates 
HPODE. In the germinated soybean samples, only one major HPODE peak was 
detected at 234 nm with a retention time of 35.5 min (Figure 3.10). The regio- and 
stereo-specificity of lipoxygenases are highly dependent on the plant origin. In 
soybean, it predominantly produces 13 - Z, E – HPODE, whereas in tomato and corn 
only 9 - E, Z – KODE was formed (Hamberg, 1971; Matthew et al., 1997; Gardner 
and Grove, 2001). Although lipoxygenase was originally present in the control black 
soybeans (Graff et al., 1990), HPODEs were not detected in significant amounts. The 
increased formation of HPODE may be needed in infected soybeans for the defense 
against microbial invasions, where the HPODE acts as free radical precursor when its 
single one-electron is reduced to form alkoxy radicals (RO.) or hydroxyl radicals (HO.) 
either by hydroperoxidase or by transition metal ions such as ferrous and cuprous ions. 
These radicals are highly reactive and can inactivate fungi. In this regard, there is a 
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remote similarity to the human immune response to bacterial infections, in which the 






Figure 3.10. HPLC Chromatograms of the extract of R. oligosporus stressed and 
germinated black soybeans after three days. Hydroperoxyoctadecadienoic acid 
(HPODE) was detected at wavelength of 234 nm.  
 
Physiologically, 13-KODEs may also play certain roles in cell differentiation 
(Bull et al., 1993). With extended unsaturated ketonic conjugation, 13-KODEs are 
potent electrophiles that are known to react with biologically common nucleophiles 
like glutathione and the thiol residue of protein to form bioconjugates (Blackburn et 
al., 1997; Arthur et al., 2002). 13-KODEs and their glyceryl and ethyl esters show 
inhibition activity of aldehyde dehydrogenase in vitro (Kawagishi et al., 2002) and 
inhibitor for acetyl CoA carboxylase, which is one of the key enzymes in fatty acid 
biosynthesis. As a result, KODEs would be able to retard fat accumulation (Watanebe 
et al., 1999). Further research is needed to understand (a) if the oxylipins including 
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KODEs are detrimental to human health when they are consumed and (b) how the 
KODEs may alter the flavour profile of the finished food product.  
 
3.5 Conclusion 
 In conclusion, it was found that the black soybeans respond to various fungal 
stresses by generating phytoalexin glyceollins. In addition, glyceollins production is 
highly dependent on the species of fungi. R. oligosporus, which is a very important 
fungus for tempeh fermentation, can stress the beans to generate much higher amount 
of glyceollins than the other fungi. KODEs and the respective glyceryl esters, which 
are needed for the defense of the bean seeds against the pathogens, are first reported 
in the fungal stressed plant seeds. A limited number of studies had reported the 
possible benefits of KODES but further research is warranted to understand the exact 
roles of KODEs and their precursors in soybean defense.  
Using food grade microbes to stress living soybeans alters the digestibility of the 
beans and the secondary metabolite profiles of the soybean and importantly, generates 
glyceollins. Hence the nutritional values of the soybean foods made from the bean 
seeds are particularly beneficial. To comprehensively characterize the metabolites, 
metabonomic analysis through comparison of the stressed and unstressed soybean 
germination products will give complete pictures and likely uncover more lipid 











THE EFFECTS OF FUNGAL STRESS ON THE ANTIOXIDANT CAPACITY 















4.1.1 Antioxidants in Soybean 
Antioxidant is the substance that, when present at low concentrations compared 
with that of an oxidizable substrate, significantly delays or inhibits oxidation of that 
substrate (Halliwell & Gutteridge, 1989). Soybeans have high contents of 
polyunsaturated fatty acids (PUFA), vitamins E, polyphenolics that are known for 
their antioxidative capabilities. In particular, isoflavones are the most important 
phenolic antioxidants in soybeans to render specific health benefits (Kulling and 
Lehmann, 2003). Arora et al. (1998) and Rufer et al. (2006) had compared the 
antioxidant activities of the two main isoflavones, genistein and daidzein with their 
glycosylated and methoxylated derivatives and also those of their human metabolites 
in inhibiting lipid peroxidation. It was discovered that both the parent isoflavonoids 
and their metabolites were more effective at suppressing metal-ion-induced 
peroxidations than the peroxyl-radical-induced peroxidation of lipid. Antioxidant 
activities of the isoflavone metabolites were comparable to or superior to those of 
their parent compounds. Their further study showed that the absence of the 2, 
3-double bond and the 4-oxo group can enhance antioxidant activity. The equol and 
its 4’-hydroxy and 5-hydroxy derivatives were the most potent antioxidants (Figure 
4.1). Additionally, the number and position of hydroxyl groups were determining 
factors for isoflavonoid antioxidant activity, with hydroxyl substitution being of 
utmost importance at the C-4’ position, of moderate importance at the C-5 position, 













Figure 4.1. A structure unit of isoflavones. The antioxidant activity of the isoflavone 
is affected by the number and position of hydroxyl groups.  
   
Vitamin E. Soybeans oil is also one of the most abundant sources of vitamin E in 
vegetable oils (around 14 mg/100 g) (Bauernfeind, 1980). Vitamin E is a set of 8 
related tocopherols (α-, β-, γ-, δ-) and tocotrienols (α-, β-, γ-, δ-) (Figure 4.2). 
Tocopherol isomers have a saturated phytyl tail. The four tocotrienols have structures 
corresponding to the four tocopherols, except with an unsaturated bond in each of the 




































Figure 4.2. Structures of tocopherols and tocotrienols. 
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Vitamin E is the major lipophilic radical chain-breaking antioxidant in cells to 
protect membrane PUFA from lipid peroxidation and chain reaction (Kamal-Eldin 
and Appelqvist, 1996, Traber and Atkinson, 2007). Thus some functional food that 
contains variable levels of dietary PUFA may also contain Vitamin E to offset the 
potent deleterious free radical formation and lipid peroxidation (Buttriss and Diplock, 
1988; Culter et al., 1995). In addition, during seed storage, germination, and early 
seedling development, vitamin E plays an important role to limit nonenzymatic lipid 
oxidation (Sattler et al., 2004). Chow (1991) demonstrated that vitamin E can set up a 
defense system to scavenge free radicals and singlet oxygen to protect cellular 
components from the deleterious effects of fungi-caused oxidative stress and further 
prevent the oxidation reaction from continuing. The oxidised α-tocopheroxyl radicals 
produced in this process may be recycled back to the active reduced form through 
reduction by other antioxidants, such as ascorbate and ubiquinol (Wang and Quinn, 
1999). 
 
4.1.2 Oxidative Stress and Reactive Oxygen Species (ROS) Generation 
Oxidative stress is caused by an imbalance between the production of reactive 
oxygen species (oxidants) and a biological system’s ability to readily detoxify the 
reactive intermediates or easily repair the resulting damage (antioxidants) (Sies, 1997). 
All forms of life maintain a reducing environment within their cells. Oxidative stress 
imposes on the cells to disturb the normal redox state and causes damage to all types 
of biological molecules including proteins, lipids, carbohydrates, and DNA, 
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attributing to one of the three factors: 1) an increase in oxidant generation with toxic 
effects; 2) a decrease in antioxidant protection; or 3) a failure to repair oxidative 
damage (Fiers et al., 1999). Thus, oxidative stress may be involved in processes such 
as mutagenesis, carcinogenesis, membrane damage, lipid peroxidation, protein 
oxidation and fragmentation, and carbohydrate damage (Sies, 1993). In humans, 
oxidative stress has been reported to be correlated with chronic diseases, such as 
diabetes, aging,  chronic lung disease, maturity onset cataract, atherosclerosis, 
Parkinson's disease, and Alzheimer's disease (Spector A. 2000). In chemical terms, 
oxidative stress is a large increase (becoming less negative) in the cellular 
, or a large decrease in the reducing capacity of the cellular redox couples 
(e.g. )  A particularly 
destructive aspect of oxidative stress is the production of  
(ROS), which include , reactive anions containing oxygen atoms, or 
molecules containing oxygen atoms that can either produce free radicals or are
reduction 
potential




chemically activated by them. Table 4.1 gives the description of the common ROS 
generated in the oxidative stressed plants.   
 
4.1.3 ROS Catalyzed Lipid Peroxidation in Soybeans 
 Mature seed of soybean (Glycine max) contains rich PUFA, mainly linolenic acid 
(C-18:3), linoleic acid (C-18:2) and oleic acid (C-18:1), which have a content of 1.3%, 
9.9% and 4.3% respectively (Appendix Table 1). These PUFA are prone to 
autoxidation or reactive oxygen species (ROS) catalyzed oxidation and to produce 
 60
lipid hydroperoxides (Halliwell, 2006). Lipid peroxidation is considered as the 
indicator of food rancidity and biomarker of oxidative stress (Cominacini et al., 1993; 
Hay et al., 2007). A number of literatures had summarized the chain reaction of 
PUFA oxidation in soybeans oil (Vaoque and Holman, 1962; Young and McEneny, 
2001; Huang et al., 2005). Taking the kinetics of ROS catalyzed linoleate oxidation as 
an example, in the initiation step the fatty acid radicals are produced, which will 
readily react with molecular oxygen, thereby creating a peroxyl radical. The reaction 
 
Table 4.1. Some Reactive Oxygen Species Generated in the Oxidative Stressed Host 
Oxidant Description 
•O -, superoxide 
anion
2 One-electron reduction state of O2, formed in many autoxidation reactions 
and by the electron transport chain. Rather unreactive but can release Fe2+ 
from iron-sulfur proteins and ferritin. Undergoes dismutation to form 
H2O2 spontaneously or by enzymatic catalysis and is a precursor for 
metal-catalyzed •OH formation. 
H O , hydrogen 
peroxide
2 2 Two-electron reduction state, formed by dismutation of •O2- or by direct 
reduction of O2. Lipid soluble and thus able to diffuse across membranes. 
•OH, hydroxyl 
radical
Three-electron reduction state, formed by Fenton reaction and 




Formed by radical reactions with cellular components such as lipids and 
nucleobases. 
RO•, alkoxy and 
ROO•, peroxy 
radicals 
Oxygen centred organic radicals. Lipid forms participate in lipid 
peroxidation reactions. Produced in the presence of oxygen by radical 
addition to double bonds or hydrogen abstraction.
ONOO-, 
peroxynitrite 
Formed in a rapid reaction between •O - and NO•. Lipid soluble and 
similar in reactivity to hypochlorous acid. Protonation forms 
peroxynitrous acid, which can undergo homolytic cleavage to form 
hydroxyl radical and nitrogen dioxide.
2
(adapted from Sies, 1985; Docampo, 1995; Rice-Evans & Gopinathan 1995) 
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is propagated after further reaction between the new generated radical and free fatty 
acid and finally involves the formation of 9- and 13- hydroperoxide isomers (HpODE). 
Dehydration of the hydroperoxide results in the the isomeric ketodienes productions 
as the secondary oxidation. Chromophore with a 9-keto-11, 13-octadecadienoate and 
13-keto-9, 11-octadecadinoate gives the maxium absorption wavelength at 277nm 
(Vaoque and Holman, 1962). Lipid peroxidation generated fatty acid hydroperoxide 
can cause damage to the cell membrane (Smith, 1978). It may also produce mutagenic 
and carcinogenic malondialdehyde in the food products (Marnett, 1999).  
 
4.1.4 Objectives 
Using food grade microbes to stress living soybeans alters the digestibility of the 
beans and the secondary metabolite profiles of the soybean and importantly, generates 
glyceollins (Chapter 3). Hence the nutritional values of the soybean foods made from 
the bean seeds may be particularly beneficial. However, the effects of fungal stress on 
the quality of the soybeans, especially on the oxidative status of the soybeans remain 
unclear. The objectives of this study are: to investigate the changes of antioxidants in 
the fungus-stress and germination process and to evaluate the effects of germination 
and fungus-stress on the antioxidant capacity of the black soybeans. 
 
4.2 Materials and Methods 
The tempeh starter culture, Rhizopus oligosporous, was bought from PT. Aneka 
Fermentasi Industri (Bandung, Indonesia). Tocopherol standards, 13-hydroperoxy-9Z, 
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11E-octadecadienoic acid (C18H32O4) (13-HpODE) (1 mg/mL in ethanol) and 2, 
2-azobis(2,4-dimethylvaleronitrile) (AMVN) were purchased from Cayman Chemical 
(Michigan, USA). Methyl linoleate (ML, 97%) was purchased from Tokyo Chemical 
Industry Co. Ltd. (Tokyo, Japan). Trolox (6-hydroxy-2, 5, 7, 8- 
tetramethylchroman-2-carboxylic acid) (97%), 2, 2’-Azobis (2-amidinopropane) 
dihydrochloride (AAPH) and Fluorescein (3’, 6’-dihydroxyspiro[isobenzofuran-1[3H], 
9’[9H]- xanthen]-3-one) were purchased from Aldrich Chemical Co. (Milwaukee, 
WI). Folin-Ciocalteau (FC) reagent and gallic acid were purchased from Sigma 
Aldrich (USA). Isoflavones standards were purchased from Acros (USA). The oxygen 
biosensor system (OBS), a 96-well, round-bottom microplate coated with an 
oxygen-sensitive ruthenium dye, was purchased from BD Biosciences Discovery 
Labware (Bedford, MA). The 96-well polystyrene microplate with flat bottom was 
purchased from VWR International Inc. (Bridgeport, NJ). n-hexane, decane and 
methyl alcohol and other solvents were of spectroscopic-grade or HPLC grade from 
commercial sources. 
A Synergy HT fluorescent microplate reader (Bio-tek Instruments Inc., Winooski, 
VT) was used to monitor lipid ORACoil value in OBS plate and hydro ORAC value of 
in transparent polystyrene microplate. Total phenolics analysis was also performed in 
the transparent polystyrene microplate using the same system. Sample dilution and 
reaction solution mixing were performed manually or by the Precision 2000 automatic 
liquid handling systems (Bio-tek Instruments Inc.). Vitamin E analysis was carried 
out on a Waters HPLC system with a Waters 2475 fluorescence detector (Milford, 
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MA, USA). Isoflavones analysis was also carried out on the same HPLC system but 
with a Water 2996 UV detector. Lipid peroxide analysis was performed using a 
Perkin-Elmer LS55 luminescence spectrometer (Waltham, MA, USA).  
 
4.2.1 Black Soybeans Germination and Fungal Inoculations  
The black soybeans germination and fungal inoculation was carried out as 
introduced in Chapter 3. Briefly, black soybean seeds (100 grams) were first 
surface-sterilized in 200 mL of 70% ethanol for 3 min and then rinsed with sterile 
water to wash away the ethanol thoroughly. The treated seeds were soaked in sterile 
water for 10 hours. After draining the water, each bean was peeled without spoiling 
the radicals. R. oligosporus culture powder (1.0 g) was dissolved in sterile deionised 
water (15.0 mL). The suspension was mixed well with the soybeans (15.0 mL of each 
fungal solution inoculated 200 g of black soybeans). The inoculated beans were laid 
on a sterile container (30 × 50 cm) lined with two autoclaved filter papers moistened 
with 30 mL of sterile water. The containers were sealed with parafilm and incubated 
at 25oC in the dark.  Germinated black soybeans were also prepared with identical 
procedures except that no fungal was inoculated onto the beans.  The soaked beans 
without any further treatment were prepared as control. To be more concise, in this 
study, the abbreviation codes used were UG for control (ungerminated sample), G for 




4.2.2 Sample Preparation and Extraction 
Soybean samples were homogenized with DI water (~1 mL per gram of dry bean 
seeds) and then lyophilized. The freeze dried powder was stocked in -20 0C for future 
use. Ice cold chloroform-methanol mxiture (1:2, v/v, 0.75 mL) and 50 µL of ice-cold 
water were added to an eppendorf tube and mixed with 50mg of dry bean seeds. The 
mixtures were votexed for 30 seconds, and then incubated on ice bath for 3 min. The 
shake and incubation step were repeated for another three times. 0.3 mL of ice-cold 
water and 0.25 mL of ice-cold chloroform was subsequently added into the tube and 
votexed for 30 seconds. After that the tube were incubated on ice for 1 min. 
Subsequently the shaking and incubating step were repeated for three times. The 
mixtures were centrifuged at 11,000 rpm for 3 min. The lower organic phase was 
collected and dried under nitrogen stream and kept at -20 0C before analysis. The 
upper hydro phase was also collected (0.6 mL). After filtering through 0.45 µm PTFE 
filtre membrane, it was kept at -20 0C before subsequent analysis. 
 
4.2.3 Analytical Methods 
4.2.3.1 Vitamin E Analysis.  
Vitamin E analysis was performed according to the AOCS method (1998) with 
some modifications. Separation was carried out on the Waters HPLC with a Spherex 5 
Silica column (250 × 2.3 mm, 5 µm particle size) (Phenomenex, Torrance, CA, USA). 
The mobile phase was a mixture of 99.1% hexane and 0.9% isopropanol with an 
isocratic flow rate of 1 mL/min. The excitation wavelength is 290nm. The emission 
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wavelength is 330nm. The column temperature is 25 0C. 
 
4.2.3.2 Quantification of Lipid Hydroperoxides  
Hay and co-workers (2007) established a high throughput chemiluminescent 
method using the luminescent semiconductor nanocrystals (NCs) as the fluorescent 
probe to sense hydroperoxides (hydrogen peroxide and lipid hydroperoxide). In this 
method, the oleic acid coated CdSe NCs (I.D. ≈2.5nm) was used as the fluorescent 
probe. 13-hydroperoxy- 9Z, 11E-octadecadienoic acid (13(S)-HpODE) was used as 
the standard hydroperoxide. The dose-dependent manner of fluorescence quenching 
with the standard concentrations can give a correlation between the probe and the 
lipid hydroperoxides. The CdSe nanocrystals (NCs) stock solution was synthesized in 
the lab. A diluted CdSe NCs solution (25 nM) was prepared in hexane and activated 
under room light for one hour. Serial concentrations of 13(S)-HpODE, including 64, 
32, 16, 8, and 4 µM, were prepared in decane as standards. Samples were also diluted 
to desired concentrations with decane. 2 mL of CdSe NCs solution was firstly placed 
in a glass cuvette and read in the Perkin-Elmer LS55 luminescence spectrometer. The 
fluorescence spectra were measured with an excitation wavelength of 400nm and 
emission wavelength between 500-700nm. The fluorescence intensity (Io) at the 
maximum peak (near 560 nm) was recorded. 20 µL of 13(S)-HpODE standard 
solution was immediately added to the CdSe NCs solution. The mixture was vortexed 
thoroughly and kept in the dark at room temperature for 40 min before another 
reading (I) under the same instrumental conditions. The same measuring procedures 
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were carried out for samples and blank (decane). After subtracting the blank reading, 
a standard curve of ln (Io/I) against the concentration of 13(S)-HpODE in the cuvette 
was plotted. The lipid peroxide concentration of the sample was calculated from the 
standard curve and expressed as micromole 13(S)-HpODE equivalents per gram of 
dry beans seeds. All the samples were run in triplicate unless otherwise stated.  
 
4.2.3.3 Measurement of Antioxidant Capacity in the Hydrophilic Extracts of 
Soybeans 
The oxygen radical absorbance capacity (ORAC) assay was applied in the study. 
The fluorescein is used as an fluorescence probe, 2, 2'-azobis (2- amidinopropane) 
dihydrochloride (AAPH) is used as a peroxyl radical generator, and the water-soluble 
vitamin E analogue 6-hydroxy-2, 5, 7, 8 – tetramethylchroman – 2 - carboxylic acid 
(Trolox) is used as a standard antioxidant for calibration (Figure 4.3).  
The assay was carried out in the Bio-tek Synergy HT fluorescent microplate 
reader according to the reported method (Huang et al., 2002). 200 µM Trolox was 
dissolved in 10 mL of 75 mM potassium phosphate buffer (NaH2PO4 + Na2HPO4, 
PBS, pH 7.04) as standard stock solution. The stock solution was further diluted with 
the PBS buffer to obtain serial concentrations of 100, 50, 25, 12.5 and 6.25 µM 
working solution for calibration. Fluorescein stock solution (4.19×10-3 mM) was 








































Figure 4.3. The chemical structures of fluorescein, AAPH, and trolox. 
 
The stock solution was further diluted to 8.16×10-5 mM with PBS buffer as working 
solution. AAPH was dissolved in 10 mL PBS buffer and kept in ice bath before use. 
The solvent needed to be freshly prepared. Samples were diluted to suitable 
concentrations using 75 mM PBS buffer. 75 mM PBS buffer was used as the blank. 
20µL of Trolox standards, samples and blanks were manually dispensed to the 
96-well polystyrene microplate correspondingly. Automatic reagent addition sequence 
was programmed to control the addition of other reagents by the syringe. Before 
starting the program, the plate was preheated to 37 oC. 160 µl fluorescein working 
solution was firstly added to all the wells using the Bio-tek Precision 2000 automatic 
liquid handling systems. After shaking for 5 seconds, 20 µl of AAPH solution was 
dispensed to all the wells and followed by another 5 seconds of shaking. The total 
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volume for each well was 200 µL. The plate reader started the measurement 
immediately after finishing the sample addition program. The fluorescence reading 
was taken with an excitation wavelength of 485 ± 20 nm and an emission wavelength 
of 528 ± 20 nm at every minute from the bottom of the plate. The plate was shaken 
with low intensity for 5 s before each reading to ensure sufficient mixing. The 
measurement repeated three times for each concentration. 
A kinetic fluorescein decay curve was directly plotted between time and 
fluorescence reading (Figure 4.4). The area under the curve (AUC) of blanks, Trolox 
standards and samples were integrated using equation:  
AUC = {0.5(fo + fn) + f1 + f2 +…+ fi +...+ fn-1}t 
Where f0= initial fluorescence reading at 0 min, fi = fluorescence reading at time i. 
fn = fluorescence reading at n minutes (n =120 in present study). t is the time interval 
between readings (t = 1 in present study). The net AUC of each sample was obtained 
by subtracting the AUC of the blank. 
The standard curve was obtained by plotting Trolox concentrations against the 
average net AUC of standards. Final ORAC values were calculated using the 
regression equation of the standard curve and were expressed as micromole Trolox 














































Figure 4.4. A representative kinetic curve of ORAC measurement during a two-hour 
instrumental read. The time interval between two readings is one minute. A blank 
curve and three sample curves were shown here. The shadow area represents the net 
AUC of one sample, i.e. AUCsample -AUCblank. 
 
4.2.3.4 Measurement of Antioxidant Capacity in the Lipophilic Extracts of 
Soybean 
Hay and co-workers (2007) developed the ORAC assay method with 
high-throughput quantitation of peroxyl radical scavenging capacity in bulk oil, 
named ORACoil. This method uses methyl linoleate (ML, 8:2 mixture with decane) as 
the substrate, the lipophilic 2,2’-azobis(2,4-dimethylvaleronitrile) (AMVN) as the 
peroxyl radical generator and measures the oxygen comsumption of autoxidation 
reaction in the oxygen biosensor system (OBS), a 96-well, round-bottom microplate 
coated with an oxygen-sensitive ruthenium dye as the fluorescence probe. The 
hydrophilic Trolox is used as the standard antioxidant. It is originally dissolved in 
methanol and further diluted by ML/decane mixture (8:2) to obtain serial 
concentrations for calibration purpose. The assay was carried out in the Bio-tek 
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Synergy HT fluorescent microplate reader. ML and decane mixture (8:2 v/v, 150 µL) 
was pipetted to the 96-well OBS plate using the Bio-tek Precision 2000 automatic 
liquid handling systems. Samples were dissolved and diluted to desired concentrations 
using the ML/decane mixture (8:2). Trolox was originally dissolved in HPLC 
methanol and preserved in -20 0C as stock solution. It was further diluted by 
ML/decane mixture (8:2) to obtain serial concentrations of 400, 200, 100, 50 and 25 
µM. 25 µL of Trolox standards, sample solution and blank (ML/decane mixture, v/v 
8:2) were pipetted to the corresponding well positions. The perimeter wells were not 
used due to potential edge effect of the microplate for kinetic studies. All the samples 
were run in triplicate. The standard solutions were tested in duplicate. The mixtures 
were incubated for 10 min at 37 0C prior to addition of AMVN (25 µL, 50 mg/mL in 
ML/decane (8:2) mixture). The OBS plate was then sealed with plastic tape. The 
kinetics of the oxygen consumption was monitored for 2 h at 37 oC. The fluorescence 
reading was taken with an excitation wavelength of 485 ± 20 nm and an emission 
wavelength of 590 ± 35 nm at every minute from the bottom of the plate. The plate 
was shaken with low intensity for 5 s before each reading to ensure sufficient mixing.  
The obtained fluorescence data were normalized and converted to the oxygen 
concentration at each point of reading according to the following Stern-Volmer 
equation with some modification (Stitt et al., 2002)  
[O2]=[(Iend/I)-1)]/[(Iend/Iinitia)l-1)]                   
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where Iend is the fluorescence intensity of the last reading (absence of oxygen) , I is 
the fluorescence intensity in the presence of oxygen at concentration [O2], Iinitial is the 
initial fluorescence intensity of the first reading (in the saturated oxygen condition). 
Hence, a normalized curve of oxygen concentration versus time was plotted 
(Figure 4.5). The area under the curve (AUC) of the standards was calculated as 
follows:  
AUC = {0.5([O2]0 +[O2]n)+[O2]1 +[O2]2 +…+[O2]i+...+ [O2]n-1}t                  
where [O2]0 = initial oxygen concentration at 0 minute; [O2]i = oxygen 
concentration at time i and [O2]n = oxygen concentration at n minutes (n=120 in 
present study). t is the time interval between readings (t =1 in present study). The 






































Figure 4.5. A nomalized kinetic curve of oxygen consumption during two hours 
readings. The time interval between two readings is one minute. Only blank curve and 
a sample curve were shown here. The shadow area represents the net AUC of the 
sample, i.e. AUCsample -AUCblank. 
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The standard curve was obtained by plotting Trolox concentrations against the 
average net AUC of standards. Final ORACoil values were calculated using the 
regression equation of the standard curve and were expressed as micromole Trolox 
equivalents per gram of dry bean seeds (µmolTE/g).  
 
4.2.3.5 Determination of Total Phenolics in Black Soybeans  
The Folin-Ciocalteu (FC) assay for total phenolic determination was carried out 
in the Bio-tek Synergy HT fluorescent microplate reader. Commercially available FC 
Reagent was diluted with DI water to 10 times, which can be used for a few days. 
Three grams of sodium carbonate were dissolved in 100mL with DI water. 1000mg/L 
Gallic acid stock solution was prepared as standard solution by dissolving 100 mg of 
gallic acid in 100mL of DI water and kept in 4℃. The stock solution was diluted to 
serial concentrations of 200, 100, 50, 25, and 12.5 mg/L with DI water for calibration. 
The detection wavelength was 765nm. 20µL of gallic acid standards, samples and 
blank were dispensed to the corresponding well positions. Blank was a mix of 1 mL 
DI water and 1mL methanol. Automatic reagent addition sequence was programmed 
to control the addition of other reagents through the syringe of the instrument. Before 
starting the program, the plate was preheated to 37 oC. 100 µl diluted FC reagent was 
firstly added to the wells where the standards, samples or blanks had been dispensed. 
After shaking for 5 seconds, 80 µl of 30 mg/mL sodium carbonate was dispensed to 
the wells and followed by shaking for 5 s. The total volume for each well was 200 µl. 
The plate reader started the measurement immediately after finishing the dispensing 
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program. The readings were obtained at every 5 minutes interval for 30 minutes to 
ensure the reaction is finished. The final readings are used for calculation and the 
blank interference was subtracted. 
A standard curve of gallic acids concentration against absorbance was plotted and 
the linear regression equation was obtained. The total phenolics concentration of the 
sample was calculated using the equation and was expressed as the gallic acid 
equivalents per gram of dry bean seeds (mgGAE/g). 
 
4.2.3.6 Isoflavones Analysis in Hydrophilic Extracts of Black Soybeans  
Isoflavones analysis was carried out in Waters HPLC with a Shimadzu ODS-VP 
(4.6 × 250 mm, 5 µm particle size) column. The mobile phases were water (A) and 
acetonitrile (B). The gradient was as follows:  0 – 1 min, A 97.5%; 1 – 17 min, A 
from 97.5% to 55%; 17 – 27 min, A from 55% to 10%; 27 – 33 min, A 10%; 33 – 35 
min, A from 10% to 97.5%; 35 – 40 min, A 97.5%. The wavelength is 260nm and 
280nm. The detection wavelength was 280 nm. 
 
4.3 Results 
4.3.1 Vitamin E  
Three major tocopherols including α-, δ- and γ- tocopherols were dominant in 
black soybeans. No tocotrienols were detected (Appendix Figure 3). About 74.75 
µg/g of δ-tocopherol and 92.00 µg/g of γ- tocopherol were originally contained in the 
black soybeans on a dry weight. The content of α-tocopherol was only 6.66 µg/g 
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compared with other tocopherols. From day one onwards, all the three tocopherols 
declined gradually in both GS and G beans. As shown in Figure 4.6, about 50% of 
α-tocopherol was depleted in both samples after three days. Similarly, 65% of 
δ-tocopherol was depleted in G beans on day 3, while 89% was lost in GS counterpart. 
83% and 97% of δ-tocopherol were depleted in the two samples, respectively, after 
three days. Overall, tocopherols in the GS beans had a higher decline percentage than 
that in G beans (p < 0.05). 
 
4.3.2 Lipid Peroxides 
Different trends were observed between GS and G beans (Figure 4.7). For 
both samples, lipid peroxides was decreased from 1.75 µM to 0.84 µM and 1.35 µM, 
respectively, on the first day. But from day one onwards, the concentration of lipid 
peroxide in GS beans was drastically increased and reached 3.70 µM on day 3. On the 
contrary, the concentration of lipid peroxide in non-stressed germinating sample was 
continually decreased and finally reached a concentration of 0.35 µM.  
 
4.3.3 ORACoil Value in Lipophilic Extracts  
Figure 4.8 shows the comparison of the ORACoil values between GS beans 
and G beans. The initial ORACoil value in black soybeans was 0.249 µmolTE/g dry 
bean seeds. After one day treatment, the ORACoil values remained stable in both 
samples (p > 0.05). But on day two and day three, the ORACoil value in non-stressed 
sample was significantly decreased by 22% and 38% respectively (p < 0.05). In 
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addition, the ORACoil value in GS sample decreased by 68% and 80% on day 2 and 
day 3 (p < 0.05).  
 
4.3.4 Antioxidant  
Figure 4.9 shows the ORAC value of the hydrophilic extract between GS 
beans and G beans. The initial ORAC value in hydrophilic extract was 19.93 
µmolTE/g dry bean seeds, which was 80 fold higher than in lipophilic extract (0.249 
µmolTE/g dry bean seeds, Figure 4.8). The ORAC values in sample G was slightly 
but not significantly increased (p > 0.05) to 20.78 µmol TE/g, while in the GS 
germinating sample, it was gradually changed to 21.13 µmol TE/g along the three 
days (p < 0.05).  
 
4.3.5 Total Phenolics Contents in Hydrophilic Extract  
Figure 4.10 shows the trends of total phenolics change in hydrophilic extract 
between GS beans and G beans. The initial total phenolics concentration in 
hydrophilic extract was 0.632 mgGAE/g dry bean seeds. In G beans, the total 
phenolics was increased by 12% on day one (p < 0.05), 4% on day two (p > 0.05), and 
9% on day three (p < 0.05) compared with the control (UG). While in the GS 
counterpart it was increased by 8% after one day (p < 0.05), 7% after two days (p < 




















































































































Germination days  
Figure 4.6. Comparison of  α-, γ-, and δ-tocopherol changes in a 3-day time course 
study between non-stressed germinating black soybeans and R. oligosporus stressed 
germinating black soybeans. Code and identities: G, germinated beans sample; GS, 






















































Figure 4.7. Comparison of lipid peroxides concentration in a 3-day time course study 
between non-stressed germinating black soybeans and R. oligosporus stressed 
germinating black soybeans. Code and identities: G, germinated beans sample; GS, 


















































Figure 4.8. Comparison of ORACoil values in a 3-day time course study between 
non-stressed germinating black soybeans and R. oligosporus stressed germinating 
black soybeans. Code and identities: G, germinated beans sample; GS, germinated 














































Germination days  
Figure 4.9. Comparison of antioxidant capacity of the hydrophilic extract in a 3-day 
time course study between non-stressed germinating black soybeans and R. 
oligosporus stressed germinating black soybeans. Code and identities: G, germinated 














































Figure 4.10. Comparison of the total phenolics concentration of the hydrophilic 
extract in a 3-day time course study between non-stressed germinating black soybeans 
and R. oligosporus stressed germinating black soybeans. Code and identities: G, 
germinated beans sample; GS, germinated beans sample under R. oligosporus stress.  
 
 4.3.6 Isoflavones in Soybeans  
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As shown in Figure 4.11, 0.039 mg/g of daidzein, 0.032 mg/g of genistein and 
0.008 mg/g of glycitein were detected in the black soybean (dry basis). In the 
non-stressed germinating sample (G), daidzein was significantly increased by 47% 
after one day, 51% after two days and 75% after three days compared with the control 
(p < 0.05). Similarly, genistein was gradually increased by 31%, 41% and 76% on 
each day from day one onwords compared with the control (p < 0.05). On the other 
hand, the glucoside form of genistein, or genistin, appeared after germination. It 
reached a concentration of 0.021 mg/g after one day and slightly increased to 0.025 
mg/g after two days and kept stable (0.026 mg/g) on day three. In the fungus-stressed 
germinating sample (GS), daidzein was significantly (p < 0.05) increased by 50% 
after one day (0.058 mg/g) but kept stable on second day. However, its concentration 
was significantly decreased by 30% and reached a concentration of 0.041mg/g after 
three days treatment, which is close to the initial concentration in black soybeans (dry 
basis). Similar trends were also observed for genistein. It was significantly (p≤0.05) 
increased by 45% (0.046 mg/g) after one day treatment and 51% (0.048 mg/g) after 
two days treatment. However, the concentration of genistein was slightly decreased 
from the previous day by 8% (0.044 mg/g). The glucoside genistin was also appeared 
after simultaneous fungal stress and germination. It reached a concentration of 0.024 
mg/g after one day, and significantly (p < 0.05) increased to 0.033 mg/g and 0.043 
mg/g on day two and three respectively. The content of glycitein was very low and the 



































































































Figure 4.11. The changes of isoflavones contents in the hydrophilic extract of 
non-stressed germinating (G) black soybeans and R. oligosporus stressed germinating 
(GS) black soybeans in a 3-day time course study. 
 
4.4 Discussion 
Hydrogen peroxide is an important molecule in cell redox signaling, yet too much 
of it can cause oxidative stress to biomolecules and casue damages to cell membrane 
DNA and proteins (Hay et al., 2007). In particular, the cell membrane PUFA is highly 
susceptible to free radicals initiated lipid peroxidation (Sung and Chiu, 1995). It was 
demonstrated that during fungal stress, oxidative stress occurred accompanying the 
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chemical or metabolic generation of large amount of reactive oxygen species (ROS) 
such as superoxide radicals (O2-), hydrogen peroxide (H2O2), hydroxy radicals, singlet 
oxygen, or related species (Apostol et al., 1989; Chow 1991), which will trigger a 
rapid lipid peroxidation (Cornille, 1998). Although a number of naturally contained 
soybean peroxide-scavenging enzymes, including peroxidase, catalase, ascorbate 
peroxidase and superoxide dismutase, can prevent PUFA from lipid peroxidation, it 
was reported that the external lipoxygenase from fungi may inhibit the activities of 
those peroxide- and radical scavenging enzymes and hence promote lipid peroxidation 
(Sung and Chiu, 1995). It was thus possible that the drastic increase of lipid peroxides 
in fungus-stressed germinating beans (GS) was caused by both external enzymatic 
and free radical chain reactions (Figure 4.7), which was consistent with the observed 
lipid hydroperoxides accumulation during fungal stress on black soybeans (Chapter 3, 
Figure 3.10). The increase of lipid peroxides in R. oligosporus stressed germinating 
beans (GS) correlates the decrease of tocopherols concentration (Figure 4.6). During 
seed storage, germination, and early seedling development, vitamin E plays a pivotal 
role to limit nonenzymatic lipid oxidation (Sattler et al., 2004). In the present study, 
when R. olgiosporus was grown as a pathogen infection to the soybeans, vitamin E is 
certainly in high demand due to the increased oxidative stress and thus the vitamin E 
level decreased more. 
In addition to effects of fungi-caused oxidative stress, several researchers had 
investigated the effect of germination on the tocopherol content of legumes but 
obtained controversial results. Frias and coworkers (2005) investigated the 
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correlations between seedling condition and vitamin E changes in lupins. Their results 
showed that germination brought about an increase in the content of α-tocopherol, a 
decrease in the content of γ-tocopherol and did not affect the content of δ-tocopherol. 
Fordham and coworkers (1975), on the other hand, found an overall decrease of 
tocopherols content in kidney beans. Marero and cowokers (1991) studied the 
germination of mung-beans and cowpeas. Their results showed an increase of 
α-tocopherol while a sharp decrease of γ-tocopherol. Our present study showed that 
all the three tocopherols had significantly decreased (Figure 4.6). The discrepancy 
among these studies was possibly due to different legume varieties and germinating 
conditions such as temperature, time, moisture and light, which had been 
demonstrated to have critical correlations with tocopherol synthesis (Plaza et al., 2003; 
Frias et al., 2005).  
In line with the changes of tocopherols content and lipid peroxide concentration, 
ORACoil value of the lipophilic extract was decreased accordingly in both 
fungus-stressed (GS) and non-stressed germinating (G) beans. However, ORACoil 
values in GS beans declined more rapidly than in non-stressed germinating beans 
from day two onwords (Figure 4.8), indicating that fungal stress-induced free radicals 
production had significantly affected its antioxidant activity.  
The ORAC value in hydrophilic extract was much higher than in its lipophilic 
extract (~80 fold), this is in agreement with the report of Frias (2005) that the 
hydrophilic antioxidant activity observed in lupin seeds was much higher than its 
lipophilic counterpart (~60 fold). The high ORAC value in hydrophilic extract was 
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mainly due to its high contents of antioxidants in black soybeans (Takahashi et al., 
2005).  
However, the total isoflavones were significantly increased in both GS and G 
black soybeans (Figure 4.12) but the changes of ORAC value in hydrophilic 
extraction are not in this case. The ORAC values of individule isoflavones were 
measured by Rufer and Kulling (2006) and this study itself, the ORAC value of total 
isoflavones were calculated as shown in Figure 4.13. Total isoflavones contribute 
only  ~2% of antioxidant capacity to the total ORAC values in the hydrophilic 
extract, suggesting that the high antioxidant ability of hydrophilic extract in black 
soybeans was mainly contributed by other antioxidants, possibly carotenoids, vitamin 












































Figure 4.12. Changes of total isoflavones contents in the hydrophilic extract of 
non-stressed germinating black soybeans and R. oligosporus stressed germinating 
black soybeans in a 3-day time course study. Code and identities: G, germinated 

















































Germination days  
Figure 4.13. The total ORAC values of isoflavones in the hydrophilic extract of 
non-stressed germinating black soybeans and R. oligosporus stressed germinating 
black soybeans in a 3-day time course study. Code and identities: G, germinated 
beans sample; GS, germinated beans sample under R. oligosporus stress.  
 
Overall, the total isoflavones in both G and GS beans are significantly increased 
(p < 0.05) by 103.8% and 72.5%, respectively, indicating the stimulatory effects of 
germination and fungal stress. It was reported that germination is able to initiate 
isoflavone biosynthesis in soybean seeds (Yu et al., 2003). Zhu and coworkers (2005) 
also indicated that a controlled germination can dramatically increase the total 
isoflavones particularly the manoyl-glucoside forms of daidzein and genistein. 
Glycitein and its derivatives remained almost the same during germination, which 
were in agreement with the present study (Figure 4.11). With a synchronized fungal 
stress and germination, the increase of genistin was higher than in the non-stressed 
germinating counterpart, while genistein was dropped by 8% after three days, which 
is possibly due to the isoflavones transformation among genistein derivatives (Chiena 
et al., 2006). Such hypothesis can be demonstrated from the inproportional changes 
between glyceollins and their precursor daidzein as shown in Chapter 3. The observed 
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differences may also be due to the biosynthesis of daidzein from phenylalanine 
(Chapter 2, Figure 2.6 & Figure 2.7; Kimpel and Kosuge, 1985; Welle and Grisebach, 
1988).  
Black soybeans contain higher polyphenol contents than yellow soybeans and are 
more effective in inhibiting low density lipoprotein (LDL) oxidation and more 
effective in preventing oxidative stress (Takahashi et al., 2005; Lin and Lai 2006).  
Lin and Lai (2006) also reported that in short-term germination (1d) of black 
soybeans, the phenolics content was significantly decreased due to losses of pigments 
in the seed coats. After long-term germination (> 3d), the contents increased again. 
The present study showed similar trends but not within the same period (Figure 4.10). 
This is possibly due to variance of germination conditions. The effects of fungal stress 
on the total phenolics changes were also investigated by other researchers. Vattem 
and coworkers (2004) had studied the phenolic antioxidant mobilization of food grade 
fungus Lentinus edodes-stressed cranberry pomace and observed a slight increase of 
phenolics content. Alla and Younis (1995) found that hydroxyphenolic compounds in 
seedling black soybeans could be either increased or decreased when facing different 
herbicide stress.  
 
4.5 Conclusion 
In summary, it was found that germination and fungal stress on black soybeans 
had caused significant effects on the oxidative status of lipophilic portion. Although 
in lipophilic extracts the ORACoil value had been significantly reduced with a drastic 
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decreasing of vitamin E and high concentration of lipid peroxides after three days 
fungal stress and germination, the ORACoil value has a percentage of only 2% of the 
ORAC value in hydrophilic extracts. Moreover, the slight changes of ORAC value 
and total phenolics in hydrophic extracts suggest that fungal stress has no significant 
effects on the antioxidant capacity of black soybeans. Total isoflavones had also been 
increased by 72.5% after fungal stress and germination, suggesting that the fungus- 










































NOVEL PROCESS OF FERMENTING FUNGUS-STRESSED BLACK 
SOYBEAN [GLYCINE MAX (L.) MERRILL] YOGURT WITH 
DRAMATICALLY REDUCED FLATULENCE-CAUSING 

















5.1.1 Introduction of Yogurt  
Yogurt is a fermented product made from a milk mix by the activity of a single or 
blend of lactic acid bacteria (LAB) (Hui, 2002). Since the longevity claim by 
Metchnikoff in 1908, yogurt has been one of the most popular health foods in the 
world. Over the period of 2002 to 2007, the global dairy sales had grown by 39% to 
US$302 billion, while probiotic yogurt has been the fastest growing segment within 
the global dairy products industry with a current value compound annual growth rate 
(CAGR) of 17% over the period of 1998-2006. Sales of yogurt (including probiotic, 
plain/natural, and flavoured yogurt) reached a value of US$45 billion in 2006 
(Euromonitor, 2007). From a marketing perspective, yogurt will have the highest 
volume growth compared with other dairy products in the next decade. Currently 
cow’s milk has been used as the most popular milk source in the industrial scale 
production of yogurt. Other less frequently used milk sources include various 
mammalian milks such as goat, buffalo, camel, horse, and sheep milk etc. Even less 
common yogurt are plant “milks” such as soy milk and peanut milk. Based on 
different characteristic of the products, yogurt is classified into different types: set 
yogurt, stirred yogurt and drinking yogurt, referring to their physical difference; or 
full-fat yogurt, medium-fat yogurt and low-fat yogurt, according to the different fat 
concentration in yogurt (Tamime and Deeth, 1980; Tamime and Robinson, 1999).  
Figure 5.1 depicts the typical procedure of yogurt processing. Before milk 
fermentation, the raw milk needs to be pre-treated. Cellular material and other 
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contaminants present in the raw milks collected from the farms need to be separated 
first. Furthermore, the fat content of milk is necessary to be standardized to meet 
existing or proposed compositional standards for yogurt. Before medium 
homogenization miscellaneous additives such as stabilizers, sweeteners and fortified 
nutrients are added to the milk. Pasteurization is sufficient to kill the majority of the 
microorganisms in raw milk. After heat treatment, the starter culture is inoculated to 
start milk fermentation. After reaching the desired gel formation and acidity, yogurt is 
cooled to reduce the temperature of the coagulum from 30-450C to less than 100C as 
quickly as possible so as to control the final acidity of the product. Fruit, flavoring or 
coloring ingredients can be added to the final products before packaging (Tamime and 
Robinson, 1999). 
 
5.1.2 Nutritional Values and Health Benefits of Yogurt 
The fast growing market of yogurt is mainly due to the awareness of its high 
nutritional values and claimed probiotic benefits. Appendix Table 2 lists the major 
nutrients in the plain whole milk yogurt (USDA National Nutrient Database for 
Standard Reference). Other documents also filed the yogurt nutrient distribution, 
which are in the proximate range (Tamime and Robinson, 1999; Miller et al., 2000). 
In addition to the full nutrients from dairy source, the process of LAB fermentation 
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Figure 5.1. The essential process of yogurt making (adapted from Tamime and 
Robinson, 1999) 
 
Amongst the micronutrients in yogurt, short chain fatty acids with one carbon to 12 
carbons including formic acid(C1), pyruvic acid(C3), succinic acid(C4), propionic 
acid(C3), oxalic acid(C2), butyric acid(C4) and citric acid(C6), etc, contribute to the 
sensory properties of yogurt and exhibit specific flavor and acid taste (Tamime and 
Robinson, 1999). These organic acids appeared in yogurt are produced from either 
carbohydrate metabolism or hydrolysis of milk fat. Beneficially, these short chain 
fatty acids in yogurt give the human intestinal gut an acid environment, which can 
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prevent the growth of spoilage and pathogenic microorganisms and hence give special 
protection to human body (Tamime and Robinson, 1999). Researchers have also 
discovered that a blend of S. thermophilus and L. delbrueckii subsp. bulgaricus had 
more successful fermentation than single strain due to the associative growth between 
the two organisms (Tamime and Robinson, 1999, Hui, 2002). The mixed 
microorganisms can not only provide the yogurt desired characteristics, but can 
benefit the growth of each other and thus improve the fermentation quality. It was 
demonstrated that metabolites released by one strain can stimulate the growth of 
another strain during fermentation (Tamime and Robinson, 1999). For example, some 
amino acids, especially valine produced by the growth of L. delbrueckii subsp. 
Bulgaricus, can facilitate the growth of S. thermophilus. On the contrary, formic acid, 
carbon dioxide and pyruvate produced by S. thermophilus can promote the growth of 
L. delbrueckii subsp. bulgaricus under an optimal incubation conditions (Tamime and 
Robinson, 1999). 
Enormous studies have concerned the therapeutic properties of yogurt (Tamime 
and Robinson, 1999; Hui, 2002). These particular benefits include: 1) LAB and 
antimicrobial substances produced by fermentation can hinder the colonization and 
subsequent proliferation of the foodborne pathogens, which may cause 
gastrointestinal diseases such as diarrhea and gastric ulcer; 2) Short chain fatty acids 
produced by fermentation increased the yogurt acidity, which can be detrimental to 
foodborne pathogens and bacteria present in the gut; 3) Daily yogurt intake can lower 
serum cholesterol level, which was a main cause of heart disease; 4) It was believed 
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that lactic acid bacteria in yogurt can produce lactase to digest lactose, thus the 
lactose-intolerant individuals can consume dairy yogurt without side-effects; 5) 
Yogurt consumption containing viable LAB has anticarcinogenic effects. It can 
reduce the conversion of procarcinogens to carcinogens and suppress initiated tumor; 
6) Special activity against Helicobacter pylori; 7) Cholesterol control; 8) Prevention 
of allergy. 
 
5.1.3 Soy Yogurt and the Nutritional Values 
 Although dairy yogurt has provided consumers the certain nutrition and health 
benefits, the high concentrations of saturated fatty acid, cholesterol and lactose in the 
animal milk have raised some concerns among increasing health conscious consumers. 
In contrast, soy beverages, in particular soy yogurt, are emerging as credible 
alternatives to dairy (Kamaly, 1997). Soy milk is relatively inexpensive with high 
contents of protein, mono and polyunsaturated fatty acids, minerals and most essential 
amino acids but without lactose and cholesterol. It also contains isoflavones, which 
are thought to reduce the risk factors for osteoporosis and menopausal symptoms. 
Soy-based yogurt is the second-generation of fermented soy foods that draws broad 
interests in recent years. Although the current value of soy yogurt represents less than 
1.5% of the overall value of the global dairy market, it has a compound annual growth 
rate (CAGR) of 14% over the period of 1998-2006. A rapid growth is likely to 
continue in the next 5 years. In Japan, sixteen soy yogurt products were launched 
from 2002-2007. In China, soy yogurts were introduced by a number of regional 
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players during 2003 and 2004. The launch of soy yogurts by Shanghai Bright Dairy 
and Australian company King International in 2006 may improve product awareness 
and drive growth (Euromonitor, 2007).  
As a probiotic food, soy yogurt also possesses many of the health benefits that 
dairy yogurt has. In addition, soy yogurt has its particular benefits. The first important 
benefit is the high contents of antioxidants, especially isoflavones, which had been 
introduced in Chapter 3. These components in soy products have given protective 
effects on many human organs and reduce the risk of various diseases including 
cardiovascular diseases, breast cancer, prostate cancer, colon cancer, osteoporosis and 
coronary heart disease. As weak estrogens, isoflavones have been suggested to be an 
alternative to hormone replacement therapy for women menopause. It was reported 
that microbial activity may be able to provide a better source of factors to transform 
the isoflavones to their aglycone forms (Matsuda et al., 1992; Choi et al., 2002; 
Tsangalis et al., 2002). The aglycone forms are reported to be absorbed faster and in 
greater amounts than their glucosides in humans (Izumi et al., 2000) and express 
higher biological activity than glycosylated or methoxylated derivatives (Izumi et al., 
2000; Choi, 2002;Bordignon et al., 2004). Thus the biological activity of soy yogurt is 
probably higher than soymilk due to the transformational effects of LAB (Bordignon 
et al., 2004). Bordignon and coworkers (2004) demonstrated that some bifidobacterial 
strains can hydrolyze genistin or daidzin to their corresponding alycone forms. Upon 
consumption, genistin and daidzin undergoes hydrolysis at the glycosidic bond by 
intestinal microflora before being absorbed in the gastrointestinal tract (Axelson & 
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Setchell 1981). β- glucosidase is believed to be responsible for the hydrolysis of the 
isoflavone glucosides to their aglycones (Choi, 2002.). Choi (2002) also provided 
similar findings from Rhizopus oryzae, R. oligosporus, and Lactobacillus casei 
effects.  
 
5.1.4 Negative Effects in Soy Yogurt 
Along the rising market of soy yogurt, some hindrance would be the potential 
obstacles related to product quality and dietary property for soy yogurt to be accepted 
by consumers. The main objections are flatulence and beany flavor.  
The indigestibility of oligosaccharides in soy foods is suggested to be the 
causative factor for flatulence associated with the human consumption (Liener, 1994). 
Soybean carbohydrates make up approximately 35% of soybean seed, which include 
low molecular weight sugars, polysaccharides, and small amounts of starch. Some 
major mono- and oligo-saccharides include pectic polysaccharides, free galactose, 
glucose, fructose, sucrose, galacto-oligosaccharides (raffinose, stachyose, and 
verbascose), arabinogalactan (in cotyledon), hemicelluloses and cellulose (in hull) 
(Karr-Lilienthala et al., 2005). Dried soybeans contain 0.1- 0.9% of raffinose and 
1.4% - 4.1% of stachyose (Hymowitz, 1972) (Figure 5.2). These two 
oligosaccharides are water-soluble and non-reducing sugars containing fructose, 
glucose, and galactose units linked by β-1, 2-fructosidic and α-1,6-galactosidic 
linkages. Humans are not endowed with α-1, 6-galactosidase in their duodenal and 
small intestinal mucosa. Upon soy consumption, they remain unabsorbed and go 
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directly into the lower intestine, where they are metabolized by intestinal 
microorganisms which contain the necessary hydrolytic enzymes. This results in the 
production of gases such as carbon dioxide, hydrogen, and methane, depending on the 
individual’s diet and their spectrum of microflora. Consequently, the soy yogurt 
consumers experiences flatulence and abdominal discomfort (Liu, 2004). Enzymatic 
degradation of oligosaccharides (ROs) would be a good way to reduce the flatulence 
effects. It was reported that complete enzymatic degradation of ROs, as well as their 
possible intermediary products such as mannotriose and melibiose, which were due to 
insufficient degradation to fermentable monosaccharides, requires the joint action of 
two different glycohydrolases, α-galactosidase and β-fructosidase (Rehms and Barz, 
1995). Fermentation procedures may be an effective solution to reduce the ROs in soy 
foods (Mital et al., 1975; Hou et al., 2000; Bordignon et al., 2004).There are certain 
strains of lactic acid bacteria that had been shown to be capable of utilizing ROs 
during soymilk fermentation but the rapid utilization of sucrose resulted in a pH low 
enough to inhibit further use of the ROs and limits their complete removal (Mital and 
Steinkraus, 1975). Scalabrinia et al., (1998) found that Bifidobacterium can produce 
α-galactosidase, which lacks in the human intestinal tract, to hydrolyse these 
oligosaccharides. α-Galactosidases help to degrade the ROs to galactose and sucrose, 
while β-fructosidase hydrolyses sucrose. Other strains in which α-galactosidase is 
constitutive include S. thermophilus, S. lactis, L. buchneri, L. acidophilus, L. brevis, L. 
cellobiosis, L. fermentum, and L. salivarius (Matsuoka et al., 1968.). Recent work 
reported that S. thermophilus could utilize ROs more efficiently than L. acidophilus 
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(Wang et al., 2003.). In addition, endogenous α-galactosidases are also produced in 
germinating soybeans to degrade ROs as an energy source during seed germination in 
soybeans (Porter et al., 1990; Avigad and Dey, 1997; Guimarães et al., 2001; De 
Fatima Viana et al., 2005). Moreover, bacteria and fungi used in production of 
fermented soybean products also contain exogenous glycohydrolases to degrade ROs 






































Figure 5.2. The chemical structures of soybeans oligosaccharides that can cause 
flatulence. 
 
The beany flavor is mainly due to the volatile chemicals existing in soybeans 
(Wolf, 1975). A lot of volatile compounds may contribute to the beany flavor of 
soybean products, which include carbonyl compounds, phenolic acids, fatty acids, 
amines, alcohols, esters, ethyl vinyl ketone, 1-octen-3-ol, and aldehydes etc. These 
compounds may be originally present in the raw soybeans (Cowan et al., 1973), or 
produced from the lipoxygenase (LOX) oxidation or autoxidation of lipids (Boue et 
al., 2000). However, it remains controversial whether the beany flavour is positive or 
negative to most of the consumers. It may be the major hindrance for western people, 
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but would be a desired soy taste for most people of Asian countries who have a longer 
history of soy food consumption.  
 
5.1.5 Objectives 
In Chapter 3 and 4, it was discovered that fungal stress on germinating soybeans 
can elicit the generation of phytoalexins (Figure 5.2). This group of compounds has 
potential benefits to the human health. It was also observed that the generation of 
glyceollins under the stress of Rhizopus oligosporus on black soybeans reached the 
highest amount of over 7 mg/g (dry soybean) glyceollins. In addition, such fungal 
stress and germination treatment had little effects on the quality of soybeans, 
especially the oxidative status of soybeans. The total antioxidant capacity in the 
treated soybeans is even higher than the untreated beans. Moreover, total isoflavones 
contents (not including glyceollins) are dramatically increased. These findings prompt 
us to develop soy foods using the food grade fungus-stressed and germinated 
soybeans. It would be an attractive route to “induce” phytoalexins, particularly 
glyceollins, into soy foods. The objectives of this study are: 
1. to develop novel process of fermenting soy yogurt using the food grade 
fungus-stressed and germinated black soybeans. 
2. to compare the nutritional components of novel processed soy yogurt with 
the traditional processed soy yogurt. 
3. to analyse the contents of phytoalexins and flatulence causing 
oligosaccharides in the novel processed soy yogurt. 
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 5.2 Materials and Methods 
5.2.1 Materials  
Black soybeans were purchased from the local hypermarket (Carrefour, 
Singapore, year 2007). Raffinose and stachyose were purchased from Fluka 
Biochemika (MO, USA). Sucrose was purchased from BDH (Auckland, New 
Zealand). Glyceollin standard was purified according to the method described in 
Chapter 3. 13-9, 11-oxoocatadecadienoic acid (KODE) was purchased from Cayman 
(Michigan, USA). MRS agar was purchased from Oxoid Ltd. (Hamsphire, UK). 
Solvents were spectroscopic or HPLC grade from commercial sources. The blended 
Streptococcus thermophilus and Lactobacillus delbrueckii subsp. bulgaricus FD-DVS 
YC-X11 LAB starter culture was a gift of Chr. Hansen Company (Denmark). The 
LAB culture powder was diluted in sterilized cow milk and inoculated onto the 
sterilized soymilk based on the guidelines (5 U diluted in 250 mL milk). The tempeh 
starter culture Rhizopus oligosporus was bought from PT. Aneka Fermentasi Industri 
(Bandung, Indonesia). The identity of the fungus was confirmed at the School of 
Technobiology at Indonesia Catholic University (Jakarta, Indonesia). One gram of R. 
oligosporus culture powder was dissolved in 15 mL sterile de-ionized water.  
 
5.2.2 Black Soybean Germination under R. oligosporus Stress  
The fungal inoculations were carried out on the black soybean cotyledons, which 
had been introduced in detail in Chapter 3. Germinated black soybeans without fungal 
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stress were also prepared with identical procedures. The soaked beans without 
germination were prepared as a control sample. To be more concise, in the study, the 
abbreviation codes used were UG for control (ungerminated sample), G for 
germinated bean sample, and GS for germinated bean sample under R. oligosporus 
stress. 
 
5.2.3 Soy Yogurt Fermentation  
In contrast with the traditional soy yogurt processing (Figure 5.1), the procedures 
of soy yogurt making in present study are shown in Figure 5.3. The major difference 
of the new processing method is that before soybean homogenization, the beans are 
treated with germination and (or) fungal stress, which bears some similarity to the 
two-step fermentation of soya sauce but the beans are still alive during fungal stress. 
Control (ungerminated beans, UG), germinated beans (G), and germinated beans 
under R. oligosporus stress (GS) were dehulled, mixed with water (1:8 w/v) and 
comminuted in a Braun MX2050 blender (Braun Ltd., Germany) for five minutes. 
The resultant slurry was filtered through double - layered cheesecloth to yield soymilk. 
The soymilk (100 mL) was dispensed into a 250 mL glass container with metal lid 
and autoclaved at 121 0C for 15 min. After it was cooled to room temperature, the 
soymilk was inoculated with 1 mL of the prepared LAB starter culture solution (0.02 
units inoculated 100 mL) and incubated at 37 - 41oC for 24 hours. After fermentation, 
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Figure 5.3. Flowchart of fermentation processes of the soy yogurt. R. oligosporus 
culture powder (1.0 g) was dissolved in 15 mL of sterile deionized water and applied 
to the soybeans (15 mL of fungal solution inoculated into 200 g of black soybeans). 
The LAB culture powder was diluted in sterilized cow’s milk and inoculated onto the 
sterilized soy milk according to the guidelines (5 units diluted in 250 mL of milk). 
The soy milk was inoculated with 1.0 mL of the prepared LAB starter culture solution 
(0.02 units per 100 mL) and incubated at 37-41 oC for 24 h. 
 
5.2.4 Isoflavones, Glyceollins and KODES Analysis  
Sterilized soymilk and soy yogurt were freeze-dried for subsequent analyses. For 
the analysis of isoflavones and KODES, the sample extraction and analysis method 
were introduced in Chapter 3. The accurately weighed freeze-dried sample was mixed 
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with 80% ethanol (7 mL per gram of dry matter) and extracted for one hour at 50 °C 
with continuous shaking. After the mixture was cooled, it was centrifuged at 14, 000 g 
for 15 min. The supernatant was analyzed by HPLC using a Waters HPLC system 
with a 2996 PDA detector and a wavelength range set at 200nm - 400 nm. The HPLC 
column was Shimadzu ODS-VP (4.6 × 250 mm, 5 µm particle size). The mobile 
phase composed of water (A) and acetonitrile (B) with the following gradient: 0 – 1 
min, 100% A; 1 – 17 min, 55% A; 17 – 27 min, 10% A; 27 – 33 min, 10% A; 33 – 35 
min, 100% A; 35 – 40 min, 100% A. Total genisteins (genistein, genistin and 
malonyl-genistin) and total daidzeins (daidzein, daidzin and malonyl-daidzin) were 
used to express the total concentration of each aglycone, glucoside and malonyl 
glucoside isoflavone form. The concentration of glucoside and malonyl glucoside 
isoflavones were calculated using the aglycone isoflavone standard calibration curve 
and expressed as the equivalent concentration of their respective aglycone. 
Glyceollins and KODES were also calculated based on the standard calibration. Total 
glyceollins was used to represent the concentration of glyceollin varieties. Total 
KODES was used to represent the concentration of KODES and KODE glyceryl 
esters. 
 
5.2.5 Sucrose and Oligosaccharides Analysis  
Sucrose and oligosaccharides in black soybeans, sterilized soymilk and soy 
yogurt are analyzed. Since soybeans are not in a liquid base, in order to compare the 
soybean soluble sugars (sucrose and oligosaccharides) with soymilk and soy yogurt, 
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the beans were initially homogenized with a suitable amount of water. The obtained 
slurry was filtered through double cheesecloth to discard the solid material. The 
soluble part was freeze-dried for subsequent analyses. Sterilized soymilk and soy 
yogurt were directly freeze-dried for subsequent analyses. One gram of each freeze 
dried sample was weighed accurately and dissolved in one mL of de-ionized water. 
After the addition of 30 mL of ethyl acetate, the samples were sonicated for 30 
minutes at 4 oC and then centrifuged at 6,500 g for 15 minutes. The supernatant 
containing fats and hydrophobic substances was discarded. The pellet was dried in the 
vacuum oven for two hours at room temperature. The dried pellet was suspended in 
20 mL de-ionized water and sonicated for 30 minutes at 4 oC before acetonitrile (1:2, 
v/v) was added to precipitate the proteins. The mixture was centrifuged at 18,000 g 
for 15 minutes. The supernatant was filtered through a 0.45 µm PTFE membrane. The 
analysis was carried out on Waters HPLC system with a Waters 2414 refraction index 
detector and Waters Sugar-Pak I cation exchange and size exclusion column (300mm 
× 6.5 mm) with a Waters Guard-Pak guard column. The mobile phase was de-ionized 
water. An isocratic flow rate of 0.4 mL/min was applied. Serial concentrations of 
standard sucrose, stachyose and raffinose were also prepared and analyzed using the 
same HPLC condition. The sample concentrations were calculated from the standard 
calibration curve. 
 
5.2.6 Viable Bacterial Count  
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Briefly, for viable bacterial count in yogurt, 1 mL of the sample was dissolved in 
9 mL of 0.9% sterilized sodium chloride solution. After serial dilution (e.g.10-1, 10-2, 
10-3, 10-4, 10-5), 1 mL of the diluted solution was dispensed to the plate and poured 
with MRS medium. Each dilution has duplicate plates. The MRS plates were 
incubated in 370C for 24 hours. The number of viable bacteria was counted after 
incubation.  
 
5.2.7 Titratable Acidity  
The method was adapted from AOAC (2002). One gram (or one mL) of sample 
was diluted in 10 mL deionized water. After adding 3 to 4 drops of phenolphthalein, 
the sample solution was titrated with 0.05M NaOH solution. Titratable acidity was 
calculated as percent lactic acid using the equantion below. 
% lactic acid = [(volume of 0.1 M NaOH) × 0.9] / sample weight or volume  
 
5.2.8 Statistics  
Comparison of results among the samples was done by SPSS software (version 
12.0, SPSS Inc., Chicago, USA). All the results were statistically analyzed with 95% 
confidence. 
 
5.3 Results  
5.3.1 Soy Yogurt Fermentation  
As shown in the flow chart (Figure 5.3), black soybeans were initially treated 
with R. oligosporus for three days. In the first day after fungal inoculation, the surface 
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of soybean cotyledon turned into dark brown color, which was likely due to the 
necrosis in the surface tissue correlating with the presence of phytoalexin glyceollins 
production (Ayers et al., 1976). In the following days, the necrotic surface was slowly 
covered with R. oligosporus mycelia. Incubated at 25 oC for three days with an 
inoculum of 1 × 108 mL-1 spore suspension were found to be suitable for fungal 
growth, soybean germination and glyceollins production. Soybean sprouts formed 
from the germination were usually discarded as they contained mainly insoluble 
matters. Therefore, during the germination, the length of soybean sprout should be as 
short as possible. In this study, the length of sprouts is less than one cm after three 
days when the glyceollin level peaked; therefore stopping germination at day three 
minimized the loss of nutrients. Moreover, the color of GS and G milks are similar to 
the UG milk with only a little bit darker (Figure 5.4) 
 After 6 hours of LAB fermentation, the soymilk was turned to a gel form for all 
three samples. After 24 hours, a set and soft product with yogurt like flavor was 
obtained. The fermentation was terminated and chilled. The yogurt from 
stress-germination treated beans had a slight tempeh odor and was a bit darker likely 
due to the pigments formed during fungal stress. Yogurt flavor is highly dependent on 
the characteristics of LAB strains. Different LAB strains as well as flavor additives 
can be applied to improve the yogurt sensory properties. Properly designed sensory 
evaluation remains to be carried out. The soy yogurt samples were freeze-dried and 
the powders were analyzed for their micronutrient contents. 
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 UG GS G
UG GS G
 
Figure 5.4. Black soybean milks (top three bottles) after different treatment and the 
respective fermented yogurt (bottom three bottles). The fermentation conditions were: 
inoculum, 0.02U of FD-DVS YC-X11 LAB starter culture inoculated 100 mL of 
soymilk; Incubation, 37 - 41oC for 24 hours. Code and identities: UG, control 
(ungerminated yogurt); G, germinated beans yogurt; GS, germinated beans under R. 
oligosporus stress yogurt. 
 
5.3.2 Sucrose and Oligosaccharide Contents  
The results for the sucrose and oligosaccharide contents are shown in Table 5.1. 
A representative HPLC chromatogram of monosaccharides and oligosaccharides in 
the ungerminated (UG), germinated alone for three days (G) and the 3 day germinated 
black soybeans with fungal stress (GS) is shown in Figure 5.5. It was observed that 
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germination alone (G) dramatically reduced the black soybean oligosaccharides (97% 
for stachyose and 82% for raffinose) compared with the ungerminated one (UG) (p < 
0.05). In the stress germinated counterpart (GS), the oligosaccharide content was also 
dramatically reduced by a slightly less amount (p < 0.05). About 25% and 50% of 
sucrose had been reduced, respectively, in the samples with germination (G) and with 
germination plus stress (GS) (p < 0.05). The results were in agreement with an earlier 
report on yellow soybean (Muzquiz et al., 1992). Addition of fungal stress has only 
negligible effect as the fungi did not noticeably hinder the bean growth. When the 
germinated beans were processed into soy milk, some raffinose and sucrose loss were 
likely during filtration. After LAB fermentation, the soy yogurt of ungerminated 
beans (UG) contained 65% of stachyose and 84% of raffinose compared with the soy 
beans themselves on dry weight basis (p < 0.05), while very low amount of 
oligosaccharides was observed to have remained in both germinated samples (G and 
GS) (p > 0.05).  
An increase of raffinose was observed in both G and GS samples, yet not in UG 
sample after LAB fermentation (Table 5.1). It was reported that α-galactosidase was 
sensitive to inhibition by galactose (Guimaraes et al., 2001).Thus it was possible that 
raffinose hydrolysis was inhibited by the released galactose from stachyose 
degradation.  
 
5.3.3 Isoflavones, Total Glyceollins and Total KODES  
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As shown in Table 5.2, two major groups of isoflavones, including genisteins 
(genistein, genistin and malonyl-genistin) and daidzeins (daidzein and 
malonyl-daidzin) were detected in all samples. Trace levels of glyciteins (glycitein 
and malonyl-glycitein) were also detected but the values were not significant. Similar 
trends in the isoflavones contents were obtained in both soy milk and soy yogurt. 









































































































Figure 5.5. HPLC chromatogram of saccharides in ungerminated black soybeans 
(UG), germinated without stress (G), and germinated with R. oligosporus stress (GS). 




Table 5.1. Sucrose and Oligosaccharide Concentrations in Black Soybeans, Sterilized 
Soymilk and Soy Yogurt 
 
Concentration (mg/g dry matter) 
 
Control (UG) Germinated (G) 
Germinated under R. 
oligosporus-stress (GS) 
































































a To analyze the soluble sugar in black soybeans, the beans were first homogenized with a suitable 
amount of water. The solid material was discarded. The yield slurry was freeze dried for analysis. b 
Soymilk was sterilized in 121 0C for 15 min.  
 
the total genisteins had increased significantly in both germinated beans (G and GS) 
and in the corresponding soy yogurt (p < 0.05). Furthermore, the total genisteins in 
fungus-stressed soy milk (GS) was significantly higher than in non-stressed 
counterparts (G) (p < 0.05), while the total genisteins between fungus-stressed soy 
yogurt (GS) and the non-stressed counterparts (G) was not significantly different (p > 
0.05). On the other hand, the total daidzeins in both soymilk and soy yogurt remained 
stable after germination under fungal stress (GS) (p > 0.05). However, it increased by 
18% with germination treatment alone (p < 0.05). Therefore the soy yogurts from 
germinated beans remain rich in isoflavones. Total glyceollins and total KODES 
(including KODES and KODE glyceryl esters) were quantified in soymilk and soy 
yogurt samples (Table 5.2). As expected, no glyceollins were detected in the control 
soymilk or in the soy yogurt (UG). In contrast, the glyceollin content reached about 
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0.1 % in stress germinated (GS) soymilk and soy yogurt (1.09 mg/g and 0.95 mg/g, 
respectively).  A lesser amount of glyceollins (0.10 mg/g and 0.20 mg/g, respectively) 
were also found in the soymilk and soy yogurt made from germinated beans (G) (p < 
0.05). The total isoflavones (the sum of total daidzein + total genistein + total 
glyceollins) for the GS yogurt reached 3.24 mg/g (dry matter) and is the highest 
among the three yogurts (UG, G and GS). Similarly, no KODES were detected in 
control soy milk (UG) but a significant amount (0.78 mg/g) was detected in the 
stress-germinated counterpart (GS) (p < 0.05). The amount was reduced somewhat to 
0.68 mg/g in the corresponding soy yogurt (GS) (p < 0.05). Trace amount of KODES 
were also detected in the soymilk and soy yogurt from germinated beans probably due 
to minor contamination of microbes during the germination (p < 0.05). Presently, 
there is no sufficient research on the health benefits of the KODES. 
The pH value and titratable acidity in the autoclaved soymilk and fermented soy 
yogurts, and viable LAB counts of final soy yogurt were also determined as shown in 
Table 5.3. A slightly acidic pH value (6.44) was obtained for soy milk from the 
germinated beans, which was very close to the control soymilk (pH=6.50). The pH 
value of stress-germinated soy milk was lower (pH=6.01). The stress seemed to have 
led to the generation of free fatty acids, such as the observed KODES. After LAB 
fermentation, all yogurts had a pH value below 4.50 with comparable titratable acidity 
contents unchanged (0.25 – 0.26 %). This value compares well with that of literature 
(Wang et al., 2003). After a one step inoculation of LAB starter culture at 40-45 oC 
for a few hours the pH values dropped to about 4.4-4.8 and total titratable acidity 
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increased to 0.5 - 0.26% (Cruz et al., 2009). The three soy yogurts contained a viable 
LAB number of above 108 cfu/mL, thus meeting the criteria of probiotic foods. 
Therefore, the fungal stress-germination treatment has minimal effects on the 
resulting soy yogurt for LAB growth. The purported antimicrobial activity of 
glyceollins did not seem to cause significant inhibition of LAB growth. It is likely that 
they are more selective in inhibiting the invasion of the fungi. 
 
Table 5.2 Isoflavones and Total KODES Concentrations (mg/g, dry matter) in 
Soymilk and Soy Yogurta  



























































a Note: Analysis of soymilk and soy yogurt was based on their respective freeze-dried 
samples. Total daidzeins are the sum of daidzein, daidzin, and malonyl-daidzin; total 
genisteins are the sum of genistein, genistin, and malonyl- genistin, total glyceollins 
are the sum of glyceollins I, II, and III isomers; total KODES are the sum of KODES 
and respective glyceryl esters. UG, ungerminated beans; G, germinated beans without 
stress; GS, germinated beans under fungal stress; ND, not detectable. The unit is mg/g 
dry matter. All runs were in triplicate. A representative HPLC trace for the analysis 








Table 5.3 Comparison of pH Value, Titratable Acidity and Viable Lactic Acid 
Bacteria in the Samples with Three Different Treated Methods a, b, c 
aThe percentage of lactic acid was used as a representative of titratable acidity. 
Calculation: % lactic acid = [(volume of 0.1 M NaOH) × 0.9] / sample volume.  b 
Values represent the mean ± range; n = 3. c Soymilk was sterilized in 121 0C for 15 
min. 
 Control soybeans (UG) Germinated soybeans (G) 
Germinated soybeans under 
R. oligosporus  stress (GS) 
 In soymilk In soy yogurt In soymilk In soy yogurt In soymilk In soy yogurt
pH value 6.50 ± 0.02 4.15 ± 0.01 6.44±0.02 4.39±0.01 6.01±0.01 4.42±0.01 
Titratable 
acidity (%) 
0.091 ± 0.003 0.253±0.005 0.115±0.007 0.247±0.003 0.135±0.005 0.262±0.012
Viable LAB 
count (cfu / mL) 
--- 
4.3 ± 0. 5 × 
108
--- 3.2±0.3 × 108 --- 2.1±0.1 × 108
 
5.4 Disscussion 
Soy yogurts were often made with ingredients from animal milk or its derivatives 
in order to provide desirable texture and flavours (Yadav et al., 1994). This may 
compromise the health image of the soy yogurt, which can be a health promoting food 
as it provides soy proteins, isoflavones, and unsaturated fatty acids. Developing 
functional food that contains health promoting micronutrients is the general trend but 
for soy yogurt as a potential delivery vehicle, there is only one previous report on 
fortification of soy yogurt with calcium (Yazici et al., 1997). Our two- step stress 
germination and fermentation approach dramatically altered the nutritional profile of 
the resulting soy yogurt by naturally reducing the level of undesired oligosaccharides 
but enriching the glyceollins, while maintaining the level of soy isoflavones. 
Compared with the control, raffinose and stachyose had been degraded to 
significantly low levels in the non-stressed germinating and fungus-stressed 
germinating beans after three days. The carbohydrates were utilized as energy sources 
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for the seeds’ germination (Porter et al., 1990). The activity of endo-enzymes from the 
soybean itself and exo-enzymes from the environment can initiate such carbohydrate 
utilization (De Vries et al., 2001). Since large amounts of exo-enzymes can be 
secreted during fungal growth (Donangelo et al., 1995), it was possible that 
oligosaccharide reduction in the fungus-stressed samples would be significant than 
that in non-stressed germinating beans due to a synergistic action of exo-enzymes and 
endo-enzymes, which was not observed in this instance. The necrosis of the soybean 
cells contacting the fungal conidia may reduce the activity of the endo-enzymes in the 
soybean (Baur et al., 2006). The exo-enzymes from R. oligosporus have been known 
to degrade stachyose and (or) raffinose (Nowak and Szebiotka, 1992; Rehms and Barz, 
1995; Simova et al., 2008).  LAB strains used in this fermentation did not show 
much effect on the oligosaccharide concentration, although some LAB strains can 
produce α-galactosidase and have the ability to hydrolyze stachyose and raffinose in 
fermented soymilk (Mital et al., 1973; Mital and Steinkraus, 1975; Connes et al., 
2004).    
 Glyceollins are derived from daidzeins; hence one might expect that the increase 
of glyceollins would lead to a drop of the daidzein concentration. However, the total 
amount of daidzeins was only slightly decreased while 1.09 mg/g of glyceollins was 
accumulated in the stressed and germinated beans. Indeed, large increase of genistein 
in both germinated bean samples was observed. This is likely due to increased 
biosynthesis of isoflavones particularly the malonyl-glucoside forms of daidzein and 
genistein during seed germination (Yu et al., 2003; Zhu et al., 2005; Chapter 2, Figure 
 114
2.6 & Figure 2.7). Fungal stress may stimulate a group of enzyme activities to initiate 
the biosynthesis of isoflavone, tannins, glyceolins, phaseollins and anthocyanidins. 
All these biosynthesis are started from phenylalanine (Yu et al., 2003). In each sample 
from soymilk to soy yogurt, the total isoflavones showed minor changes with only 
slight fluctuations in their different forms. After LAB fermentation, glyceollins were 
largely retained in soy yogurt for potential health benefits of the final product.  
 During fermentation, a number of antimicrobial metabolites, generally named as 
bacteriocins, may be produced to inhibit microbial growth (Simova et al., 2008). 
Therefore, a relatively lower viable LAB count in the fungus-stressed soy yogurt may 
result due to a particularly higher content of antimicrobial compounds, i.e. glyceollins, 
in retarding the growth of LAB. However, the inhibition capacity of glyceollins to 
microbes remains unclear. Although the minimum dose required for a probiotic 
product to elicit health effect remains unclear, some reports suggest that the viable 
cell count for a satisfactory fermented probiotic product is above 106 cfu /mL (or gram) 
and this amount may supply a sufficient “daily dose” (Vinderola et al., 2000; Østlie et 
al., 2003). In this study, a viable LAB number of above 108 cfu/mL was observed 
which fulfilled the stated criteria. Therefore, it warrants further study to see if 
probiotic strains such as bifidobacteria can also grow to the same level.  
 
5.5 Conclusion 
 In summary, it was observed for the first time that germinated black soybeans 
under fungal stress can be fermented into soy yogurt which features a low amount of 
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flatulence-causing oligosaccharides but a significant level of isoflavones, particularly 
functional glyceollins. The overall processing of soy yogurt did not use any additives 
which might compromise the potential health benefits and claims of the final product. 
This study is only the prototype of such kind of product and future work remains to be 
done to scale up the processes and optimize the flavors for consumer preference. It 
also has long way to go in terms of garnering any scientific evidence on the potential 






















CHAPTER 6  
 
CHARACTERIZATION OF SECONDARY METABOLITES IN DURIAN 















6.1.1 Proanthocyanidins in Plants– the Next Milestone in Flavonoid Research  
Plants encompass a diverse assortment of secondary metabolites associated with 
defense against pathogen infection and environmental stress (Hopkins 2004), and are 
particularly linked to the prevention of human diseases (Bravo, 1998). As had been 
discussed in Chapter 2, secondary metabolites in plants can be divided into three main 
groups: terpenes (isoprenoids), phenolic compounds, and nitrogen-containing 
metabolites such as alkaloids (Hopkins 2004). Polyphenolic compounds are the most 
abundant secondary metabolites that are widely distributed in the plant kingdom. 
Chemically, phenolics can be defined as substances possessing an aromatic ring 
bearing one or more hydroxyl groups (Shahidi 2004). The enormous studies of 
polyphenols are owing to its antioxidant capacity and possible beneficial implications 
in human health for treatment and prevention of cancer, cardiovascular disease, and 
other pathologies (Manach et al., 2004). Among the complicated classes of 
polyphenols, flavonoids are the best known polyphenolics with shared structural 
similarity and well studied bio-activities (Peterson & Dwyer, 1998). There are six 
major subclasses of flavonoids, which include the flavones (e.g., apigenin, luteolin), 
flavonols (e.g., quercetin, myricetin), flavanones (e.g., naringenin, hesperidin), 
flavanols (e.g., epicatechin, gallocatechin), anthocyanidins (e.g., cyanidin, 
pelargonidin), and isoflavones (e.g., genistein, daidzein). Within the various 
subclasses of flavonoids, proanthocyanidins (condensed tannins) (OPCs) are the 
important components present in many fruits, plant barks, leaves, and seeds (Jadwiga 
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1996; Skerget et al., 2005) that have attracted a hiked interest in recent years because 
of their wide spectrum of pharmacological action (Xu et al., 2006). Proanthocyanidins 
are oligomeric and polymeric compounds that are most commonly built up with 
repeat units of (+)-catechin (1) and (-)-epicatechin (2). Diversity of structure of 
proanthocyanidins is a result of the stereochemistry and hydroxylation pattern of the 
flavan-3-ol starter and extension units, the position and stereochemistry of the linkage 
to the ‘lower’ unit, the degree of polymerization, and the presence or absence of 
modifications such as esterification of the 3-hydroxyl group. The structural diversity 
is illustrated in Figure 6.1. 
There are two classes of proanthocyanidins: prodelphinidins and procyanidins. 
Prodelphinidins are mixed oligomers with at least one unit containing a 4′ -hydroxyl, 
or 3′, 4′, 5′ - attaching with tri-hydroxyl group. Procyanidins are homo-oligomeric 
proanthocyanidins with 3, 5, 7, 3’, 4’- attached hydroxyl group. There are two types 
of procyanidins, B-type and A-type, depending on the different connecting positions 
between flavan-3-ols. B-type  procyanidins (dimeric) are characterized by single 
linked flavanyl units, usually between C-4 of the flavan-3-ol upper unit and C-6 or 
C-8 of the lower unit, while proanthocyanidins of the A-type possess an additional 
ether linkage between C-2 of the upper unit and a 7- and/or 5-OH of the lower unit 
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Figure 6.1. Structures of the building blocks (1 and 2) of proanthocyanidins, B-type 
(3), and A-type (4) dimeric blocks of proanthocyanidins. B-type (dimeric) are 
characterized by single linked flavanyl units between C-4 and C-8 (3) or C-6 (not 
shown), while A-type possess an additional ether linkage between C-2 of the upper 
unit and a 7- and/or 5-OH of the lower unit. Where R1 = H and R2 = OH, catechin; R1 
= OH and R2 = H, epicatechin (adapted from Cos et al., 2004; Skerget et al., 2005).  
 
One of the earliest reported biochemical properties of proanthocyanidins was 
their ability to bind to proteins and denature proteins. Proanthocyanidins form strong 
interactions with proline/hydroxyproline-rich proteins. Thus, it has an excellent 
tanning effect that converts animal hides into leather since the animal skin is rich in 
proline/hydroxyproline (Chung et al., 1998). Strong interests in proanthocyanidins are 
associated with their potential bioactivities and health-promoting effects. Many 
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researches have shown that proanthocyanidins have excellent antioxidant and radical 
scavenging-activity (Santos-Buelga and Scalbert, 2000; Bagchi et al., 2002; Beecher 
2004; Ariga, 2004; Cos et al., 2004; Dixon et al., 2005; He and Liu, 2006; Fu et al., 
2007). Bagchi and coworkers (2003) demonstrated that the antioxidant activity of 
proanthocyanidins in grape seed extract is even greater than vitamin C, E and 
beta-carotene. Besides, proanthocyanidins also exhibit the biological activities of 
inhibiting platelet aggregation, radio-protective effects, anti-inflammatory, cancer 
chemoprevention, and antimicrobes (Chung et al., 1998; Kolodziej et al., 1999; Cos et 
al., 2004; Dixon et al., 2005; Xu et al., 2006). It was reported that grape seed OPCs 
have protective abilities for DNA repair and lipid peroxidation (Bagchi et al., 2003). It 
can yield positive effects in its cytotoxic capability in several cancer cell lines 
(Kris-Etherton et al., 2004). In addition, rats fed with grape seed OPCs for 3 weeks 
showed improved cardiac recovery after ischemia. Clinical trials with hamsters that 
have a similar lipid profile to hypercholesterolemic humans fed with grape seed OPCs 
and cholesterol-laden meal showed reduced oxidized low-density lipoprotein (LDL), 
which is the marker for cardiovascular disease (Vinson et al., 2002). 
Proanthocyanidins-BP1 in grape seed extracts can also protect oxidative renal injury 
in a rat model (Avramovic et al., 1999). OPCs from herbs, fruits and barks have also 
shown potential health effects in in-vitro models. Oligomeric procyanidins extracted 
from Uncaria tomentosa bark was demonstrated to have anti-inflammatory effect 
(Goncalves et al., 2005). Lin and coworkers (2002) demonstrated that OPCs are able 
to block interferon-γ and interleukin-1 production. In Beecher’s research (2004), 
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flavonols and OPCs from cocoa can also inhibit cyclooxygenase-1, cyclooxygenase-2, 
and 5-lipoxygenase. Their anti-inflammatory activity was comparable to that of 
aspirin.  
Although the majority of the in-vitro studies has demonstrated convincing health 
benefits, the bioactivities of OPCs are significantly influenced by the diversity of their 
structures including the degree of polymerization, the content of epicatechin unit in 
the polymers, the stereochemistry and hydroxylation pattern of the flavan-3-ol starter 
and extension units, and the position of the linkage between two monomeric units (A 
type OPCs or B type OPCs) (Figure 6.1) (Kolodziej et al., 1999; Mao et al., 1999; 
Dixon et al., 2005). It was also reported that the most bioactive OPCs were OPCs 
trimers, tetramers, pentamers, higher polymers and their gallate derivatives and 
metabolites thereof (Fitzpatrick et al., 2000;Bagchi et al., 2000; Santos-Buelga and 
Scalbert, 2000; Spencer et al., 2001; Donovan et al., 2002).  
 
6.1.2 Secondary Metabolites in Durian Seeds 
Durian (Durio zibethinus Murr.) is a seasonal fruit grown in South East Asia that 
belongs to the Bombacaceae family (Doijode, 2001). It is native to Malaysia and 
widely known in Southeast Asia as the "King of Fruits", the fruit is distinctive for its 
large size, unique odour and taste, and formidable thorn-covered husk. A large 
amount of research work is focused on the flavor and nutritional properties of the 
edible portion of durian (Fischer et al., 1994; Weenen and Koolhaas, 1996; Haruenkit 
et al., 2007; Voon et al., 2007). Durian contains very high amounts of carbohydrates 
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(27g/100g frozen durian pulp), full vitamins and minerals with particularly high 
amount of vitamin C (20g/100g frozen durian pulp) and potassium (436mg/100g 
frozen durian). Importantly, there is no cholesterol content in durian pulp (Appendix 
Table 3). The potential health benefits of polyphenols in the durian pulp are 
encouraging. It was reported that the antioxidant activity of the durian pulp was 
significantly higher than that in snake fruit and mangosteen (Haruenkit et al., 2007). It 
was also found that the rise of plasma lipid content in rats was significantly reduced at 
5% significance level in an in vivo study on supplementing the rat’s diet with durian 
as compared to mangosteen and snake fruit supplemented diet. The plasma 
antioxidant activity remained high after consumption of the supplemented diet for 26 
days.  
Contrary to the attention on durian pulp, very fewer studies had focused on the 
durian byproducts, which occupy almost 70 % of the durian total weight (Brown 
1997). The bark and seeds are normally treated as waste. Recent global crisis in food 
and energy highlights the importance of research work on utilization of renewable 
agricultural wastes for value-added food ingredients and for bio-active compounds as 
these resources are sustainable and would be discarded otherwise. Currently, there is 
very scarce research on systematic characterization of durian seeds. In fact, the durian 
seed is known to contain significant (0.5% of dried weight) amounts of gum 
composed of L-rhamnose, glucose and D-galactose in the ratio of 3:9:1 (Amin et al., 
2007). Durian seed contains 6% fats with high level of stearic (45.84%), palmitic 
(26.75%), oleic acid (14.95%) and linoleic (12%) acids (Eni and Summarno, 2001). 
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Traditionally, it has been used to treat sores and wounds by local people (Brown, 
1997). Some secondary metabolites were identified in the seeds (Rudiyansyah and 
Garson, 2006). Since the majority of plant seeds contain rich natural byproducts 
(Soong and Barlow, 2005), this has prompted the current study to utilize the durian 
seeds as prospective source of bioactive secondary metabolites. 
 
6.1.3 Objectives 
The purpose of this work was to isolate and characterize secondary metabolites 
(oligomeric proanthocyanidins) from durian seed. This is the first report to identify 
proanthocyanidins in the durian seed.   
In the previous chapters, the fungal stress on the germinated soybeans seeds to 
generate phytoalexins and the development of phytoalexins enriched soy foods were 
studied. In this chapter, it was also aimed to examine the effect of fungal stress on the 
germinated durian seed and to investigate the generation of phytoalexins in durian 
seed. 
 
6.2 Materials and Methods 
6.2.1 Materials and Instruments 
D24 cultivar durian seeds from Malaysia were purchased from local durian puff 
shop and vacuum packed and stored at -30oC freezer for further use. All the solvent 
used were of reagent grade unless further otherwise specified. Ethanol, ethyl acetate, 
acetone, acetonitrile and methanol are purchased from Fisher Scientific and Tedia 
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Company Inc (Ohio, USA). Freshly prepared mobile phase solvents (HPLC-grade) 
were sonicated for 15 minutes before each HPLC sessions. Tempeh starter culture, 
Rhizpous oligosporus (RAPRIMA) were purchased from PT. Aneka Fermentasi 
Industri (Batu Jajar, Indonesia). The identity of the fungus was confirmed at the 
School of Technology at Indonesia Catholic University (Jakarata, Indonesia). 
Catechin, epicatechin and procyanidins B2 were purchased from Sigma Chemical Co. 
(St Louis, MO). Sample separation was done by flash chromatography using 
CombiFlash® CompanionTM (ISCO, UK) automated purification system. High 
Performance Liquid Chromatography (HPLC) analysis was carried out on a Waters 
HPLC system with a 2996 PDA detector. Another HPLC system consisting of a 
WatersTM 515 HPLC pumps, a WatersTM in-line degasser AF, a WatersTM 4996 
photodiode array detector and WatersTM Empower Pro data software (Waters 
Corporation, Milford, USA) was used for the preparative scale HPLC separation.  
The electrospray ionization mass spectra (ESI-MS) analysis was conducted in a 
Finnigan/MAT LCQ ion trap mass spectrometer (San Jose, CA) equipped with an ESI 
source. Matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass 
spectra were collected on an Applied Biosystems Voyager-DE STR mass 
spectrometer (Foster City, CA) equipped with delayed extraction and a N2 laser set at 
337 nm. 1H and 13C NMR spectra were recorded with a Bruker AC300 spectrometer 
(Karlsruhe, Germany) operating at 300 and 75 MHz, respectively.  
 
6.2.2 Sample Preparation and Extraction 
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450 g of durian seeds stored at -20 oC were thawed and soaked in DI water for 12 
hours. The hard seed coat was removed manually. The durian seeds were cut and 
blended with 180 ml of water in a Warring Blender. For preparative scale, 0.2 kg of 
durian seeds was used. Sample extraction was carried out using the documented 
methods for extracting grape seeds (Nawaz et al., 2006). 50% ethanol was added to 
the homogenized durian seeds slurry (5mL/g powder) with a vigorous shake on an 
orbital shaker for one hour, after which it was centrifuged at 8,000 rpm for 15 min. 
The residue was extracted again with 95% ethanol (1:1, v/v) with a vigorous shake for 
1 hour and then centrifuged at 8,000 rpm for 15 min. The supernatant of two 
extractions were combined. Majority of the protein and gum in the supernatant were 
precipitated with acetone (1:1 v/v). After centrifuging at 8,000 rpm for 15 min, equal 
volume of ethyl acetate was added to the clear supernatant for phase separation with 
vigorous shake on an orbital shaker for one hour. Two fractions, the aqueous (more 
polar) portion and the EA (less polar) portion were collected separately for subsequent 
treatment.  
 
6.2.3 Solvent Extraction and Fractionation of Durian Seeds 
The aqueous extract was concentrated to about 40 mL with rotary evaporator at 
40 oC  under reduced pressure and loaded with several times to a reverse phase C18 
column (RediSep®, ISCO, 230-400 mesh, 4.0 g, average pore size: 100 angstroms, 8 
× 40 mm) for crude separation. The mobile phase was: A, water; B, acetonitrile. The 
gradient was: 0-5 min, 0% B; 5-7 min, 0-15% B; 7-12min, 15.0%; 12-13 min, 15-20% 
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B; 13-18 min, 20%; 18-19min, 30%; 19-24 min, 30%B; 24-25 min, 30-40% B; 25-30 
min, 40%; 30-31 min, 40-50 % B; 31-36 min, 50%; 36-37 min, 50-60% B; 37-42 min, 
60%; 42-43 min, 60-70% B; 43-48 min, 70%;  48-51 min, 70-100% B; 51-70 min, 
100%. The flow rate was 5 mL/min. The detection wavelength was 234 nm and 280 
nm. The collected fractions (15 mL each) were characterized by RP thin-layer 
chromatography (TLC C18 sheets 20 × 20 cm, F254, Merck) using the same eluent as 
for the flash chromatography. Fractions containing the similar compounds were 
combined and concentrated for ESI-MS characterization and HPLC identification. 
The fractions were filtered through a polytetrafluoroethylene (PTFE) filter membrane 
(0.45 µM) before injecting into the HPLC. The used column was Shimadzu VP-ODS 
(4.6 × 250 mm, 5 µm i.d.) column. The detection wavelength was set at a range of 
200nm - 400 nm. The separation was performed with water (A) and acetonitrile (B) as 
the mobile phase at a flow rate of 1 ml/min. The gradient was: 0–1 min, A 100%; 
1–17 min, A from 100% to 55%; 17–27 min, A from 55% to 10%; 27–33 min, A 10%; 
33–35 min, A from 10% to 100%; 35–40 min, A 100%.  
 
6.2.4 Extraction and Purification of Oligomeric Proanthocyanidins from Durian 
Seeds 
After indentifying the presence of OPCs in durian seeds from the above 
extraction and fractionation method, a systematic extraction and structural 
characterization was carried out accordingly. 200 grams of freeze-dried durian seed 
were used for extraction using method for extraction of OPCs in mangosteen pericarp 
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(Gu et al., 2002; Fu et al., 2007). The freeze-dried sample was defatted with 600 mL 
hexane for three times consecutively. The mixture was stirred on an orbital shaker for 
two hours each time. The slurry was then centrifuged at 8,000 rpm for 15 min. The 
solid residue was collected and subsequently extracted with 600ml of 70% acetone for 
three times. The mixture was filtered through a Millipore 0.45 µm PTFE filter 
membrane and the filtrate was pooled. Acetone was removed by rotary evaporation at 
40 oC under reduced pressure. The residue was collected for further liquid-liquid 
extraction. The extraction was carried out with dichloromethane (600 mL) on the 
orbital shaker for two hours to remove lipophilic compounds. The extraction was 
repeated for three times. The aqueous phase was collected and concentrated to 40 mL. 
The crude proanthocyanidin fraction was loaded onto a Sephadex LH-20 column (2.5 
× 20 cm), which contained 50 g of LH-20 and was equilibrated with 50% methanol 
for 4 h before sample load. The column was washed continuously with 50% methanol 
to remove the sugars until the eluent turned colourless. Desorption of the 
proanthocyanidins were eluted with aqueous acetone (70%, 500 mL). The acetone 
was removed using a rotary evaporator under reduced pressure at 40oC, and the 
resultant residue was freeze-dried to give a dark-brown powder. Before subsequent 
analysis, the OPCs powder (2 mg) was further dried in the vacuum oven for 24 hours 
(room temperature) and dissolved in deuterated methanol (1 mL) for NMR 
identification. The data were collected at room temperature with operating frequency 
of 75 MHz. The methanol dissolved sample was further determined by electrospray 
ionization mass spectrometer (ESI-MS). The heated capillary and voltage were 
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maintained at 250 °C and 4.5 kV, respectively. The full-scan mass spectra from m/z 
50 to 2000 were recorded. The methanol dissolved durian OPCs (2mg/ ml) was 
further subject to MALDI-TOF analysis. NaCl and 2, 5 dihydroxybenzoic acid were 
used as the matrix to enhance ion formation. 1µl of 0.1 M NaCl in water was added to 
1 ml of sample solution which was mixed with a methanol solution of 2, 5 
dihydroxybenzoic acid (10mg/ ml) at equal ratio. 1 µl of the sample and matrix 
solutions was evaporated and introduced into the MALDI-TOF mass spectrometer.  
 
6.2.5 Oligomeric Proanthocyanidins Thiolysis and Identification 
The thiolysis reaction was conducted in a small glass vial according to the 
reported method (Rigaud et al., 1991). The durian proanthocyanidins solution (50 µL, 
2.0 mg/mL in methanol) was mixed with 50 µL of the acidified methanol (3.3% 
hydrochloric acid) and 100 µL of α-toluenethiol (5% v/v in methanol). The vial was 
sealed with an inert Teflon cap. The reaction was carried out at 40 °C for 30 min and 
then kept at room temperature for 10 h to ensure complete degradation. The reaction 
mixtures were kept in the freezer (-30 °C) to prevent further epimerization or other 
side reactions before HPLC analysis was carried out on the reverse phase Shimadzu 
ODS- VP C18 column (4.6 × 250 mm, 5 µm particle size). The binary mobile phases 
consisted of A (2% acetic acid in water, v/v) and B (methanol).  The flow rate was 
set at 1.0 mL/min. A linear gradient of  0-1min, A 85%; 1-50 min, A 85-20%; 50-60 
min, A 20-85%; 60-65 min, A 85% was used. Standard (+)-catechin, (-)-epicatechin 
and procyanidins B2 were also analyzed under the same HPLC condition. LC-MS 
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method was conducted to identify other portions of thiolyzed products using the same 
HPLC gradients. 
 
6.2.6 Quantitative Analysis using Normal Phase HPLC 
The quantitative analysis was conducted using a Waters HPLC system with a 
2996 PDA detector using Phenomenex Luna Silica column (4.60 × 250 mm, 5µm 
particle size) connected with a silica guard column according to the reported method 
(Gu et al., 2002). The tertiary mobile phase was comprised of (A) dichloromethane, 
(B) methanol, and (C) 50% acetic acid in water (v/v). The gradient was adapted from 
the reported method (Gu et al., 2002) with some modifications: 0-20 min, 14.0-23.6% 
B; 20-50 min, 23.6-35.0% B; 50-55 min, 35.0-86.0% B; 55-60 min 86.0% B isocratic; 
60-65 min, 86.0-14.0% B, followed by 10 min of re-equilibration of the column 
before the next run. A constant 4.0% (C) was kept throughout the gradient. The 
detection wavelength was 280 nm. 
 
6.2.7 Germination of Durian Seed with (and without) Fungal Inoculation 
The durian seeds were thawed and soaked for 10 hours. The seed coats were 
removed manually. The germination method used was adapted from the method used 
in the fungus-stressed germination of soybean (Chapter 3) with minor modifications. 
The durian seeds (100g) were soaked in 100 ml sterile deionized water for 10 hours. 
After draining out the water, the seed coat was removed. The seeds were then 
surface-sterilised for 3 minutes with 200 ml of 70% ethanol. This was followed by 
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three quick one-minute rinses in 200 ml sterile deionized water to remove the ethanol. 
R. Oligosporous culture powder (1.0g) was suspended in sterile deionized water 
(15.0ml). The culture solution was inoculated to the seeds and mixed well. The 
inoculated seeds were then placed on a sterile container (30 x 50 cm) placed with two 
layers of autoclaved filter paper moistened with 20.0ml of sterile water. The 
containers were sealed with parafilm and incubated for 7 days at 25oC in the dark. The 
seeds turned dark and the short sprouts were formed (Figure 6.2). Germinated durian 
seeds with the identical procedures but without R. oligosporus stress were also 
prepared. Fresh seed without any treatment was the control. The method of sample 
extraction was the same as the introduction above. 
 
Germinated seeds without stress  (G) Germinated seeds after fungal inoculation (GS)
 
Figure 6.2. Images of germinated durian seeds with R.oligosporus stress (GS, right) 
and without R. oligosporus stress (G, left) for three days.  
 
 131
6.3 Results and Discussion 
6.3.1 Chromatographic Fractionation of Durian Seed Extracts  
Nineteen fractions were collected from flash chromatography and a typical trace 
of a run is shown in Figure 6.3. The collected fractions were further analyzed by 
HPLC.The molecular weight of the peak clusters were also identified by LC-MS and 
ESI-MS. The correspondent molecular weight is labeled in Figure 6.3. The fractions 
with similar peaks in the instrumental analysis were pooled into four main clusters. 
An UV-scan of first cluster peaks from Rt. 15-40 min showed an absorbance between 
200–300 nm, which is possibly the presence of aromatic substances. The series of 
peaks differed by mass units of 288, indicating that it is a polymer with repeating 
units of 288 units. Moreover, the MS spectrum of the fraction I highly resembled that 
of the oligomeric proanthocyanidins (OPCs) (Gu et al., 2002; Fu et al., 2007) isolated 
from mangosteen pericarp comprising catechin or epicatechin, dimer (m/z 577), trimer 
(m/z 865), tetramer (m/z 1153) with monomer m/z 289 unit. Therefore, it is possible 
that the polymers are made up of flavan-3-ol like catechin and epicatechin, which has 
molecular weight of 290.3 (Nawaz et al., 2006).  
The three peaks from 45 to 60 minutes all showed major ESI-MS molecular ion 
at 331 (negative mode). A strong signal at 70 minute gave m/z 292 peak, indicating it 
is a nitrogen-containing compound. Its exact chemical identity remains to be 
determined at this moment. A peak at 95 minute was composed of mixtures according 
to the ESI-MS data. Therefore, oligomeric proanthocyanidins are the major 
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components in the aqueous fraction of durian seed extract. A systematic extraction 
and structural characterization were carried out accordingly. 
 
Figure 6.3. Flash chromatograms of durian seed extract (C18 column). The 
detector wavelength is 280 nm.  
 
6.3.2 Extraction and Structural Elucidation of OPCs  
The durian seeds were extracted with acetone/ water (7:3, v/v) to yield optimal 
amounts of OPCs. The crude proanthocyanidins fractions were purified by Sephadex 
LH-20 column chromatography to yield 362 mg of brown mixture from 200 g 
freeze-dried durian seeds. This yield is rather low as compared to that in mangosteen 
pericarp (6.63 mg/ g dry weight), cocoa and grape seeds which contain a significant 
higher OPCs mixture of at least 100mg/ g dry matter (Fu et al., 2007). The extract was 
further subjected to NMR analysis to characterize the polymeric proanthocyanidins 
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present in the durian seed extract. The NMR spectrum obtained was similar to other 
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Figure 6.4. 13C{1H} NMR spectrum of proanthocyanidins from durian seed. Sample 
was dissolved in deuterate methanol and the data were collected at room temperature 
with operating frequency of 75 MHz.  
 
The 13C{1H} NMR spectrum of the extract in Figure 6.4 shows that characteristic 
13C peaks are consistent with those of condensed tannins with dominant polymeric 
(epi)catechins with little impurities.  Specifically, peaks clustered between 160 – 155 
ppm were assigned to C5, C7, and C8a carbons on the A rings. The B-ring carbons fall 
nicely in a narrow range between 150 – 110 ppm with distinctive set of signals for C3’ 
and C4’ at 145 ppm, C1′ at 132.2 ppm, and C6’, C5’ and C2’ in the neighborhood of 
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120 ppm. All of them are fairly sharp peaks, indicating rather uniform structure motif 
of poly-(epi) catechin. The C8 of the extension unit shows a peak at 107.5 ppm 
whereas the C8 of the terminal unit gives a sharp line at 98 ppm, which is close to that 
of C6. The few small lines between 100 and 105 ppm are due to C4a.  The three 
aliphatic carbons in the C ring account for the rest of peaks starting with terminal C2 
at 80.0 ppm. The C2 of extension unit gives as sharp line at 77 ppm and C3 of the 
extension units are found at 73 ppm. The C3 of terminal unit gives rise to a small but 
sharp line at 66 ppm. Lastly, the C4 of extension unit is found at 37.5 ppm and that of 
terminal unit is located at 30 ppm. With the majority of peaks assigned to 
procyanidins, there are no detectable peaks found for prodelphinidin or gallated 
procyanidins, indicating low concentration of these derivatives.  
In support of the 13C NMR spectrum, the ESI-MS data shown in Figure 6.5 
provide further evidence of the durian seed OPCs lacking gallo or gallate units but 
composing of mainly procyanidins, which give rise to a series of  anions from m/z 
289 to 1730 separated by 288 Da. These set of signals correspond to the molecular 
masses of procyanidins with degree of polymerizations (DPs) of 1-6.  The mass 
spectra also show a series of compounds at m/z 1008, 1296, and 1585 that are 144 
mass units higher than those described above. Es-Safi and coworkers (2006) reported 
that these signals can be explained by the presence of double charged ions [M - 2H] 2- 
of odd polymerization degree, starting from DP 7 but with lower abundance, 
compared with the single charged ions. Such multiply charged species were reported 
to be more frequently observed in ESI-MS (Guo et al., 2003) and became more 
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intense as the molecular weight increased, probably due to longer chain length that 
allows a better charge separation to minimize the electrostatic repulsive forces. 
Signals corresponding to trimeric (m/z 882) and pentameric (m/z 1169) oligomers 
with only one afzelechin/ epiafzelechin unit (-16 Da) were also observed at low 
abundance. Mass spectra also show weak peaks for a group of compounds that were 
two units less than dimer (m/z 577) and trimeric (m/z 865). These masses might 
represent a series of compounds in which an A type interflavan ether linkage occurs 
(4β-8, 2β-O-7) between adjacent flavan-3-ol subunits because two hydrogen atoms 
(∆2 amu) are lost in the formation of this interflavan bond. Finally, peak signal at m/z 
425 can be accounted for fragment of procyanidin dimer (m/z 577) due to retro 
Dials-Alder fragmentation by splitting the C ring. Another minor ion was detected at 
m/z 695 that did not match with any of the known usual proanthocyanidins. The fact 
that it is 288 Da apart from m/z 407 suggested the existence of flavanol units in these 
compounds.  
MALDI-TOF MS was used as a complementary spectroscopic technique to 
identify the compounds with large molecular weight. It curbs the production of 
multiple charged species and enables elucidation of the polymer structures and chain 
lengths. Only single charged molecular ion for each parent molecule is generated, thus 
a better and more precise evaluation can be made. 
Figure 6.6 displays the MALDI-TOF mass spectrum of the OPCs mixture that 
shows a series of polyflavan-3-ol extending with distances of 288 Da  from the 
dimer (889 m/z) to the 11-mer (m/z 3193), which corresponded to the mass difference 
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of one catechin/ epicatechin extension unit between each polymer. Hence, the 
propagation of proanthocyanidins was due to the addition of catechin/ epicatechin 
monomer. The absolute masses corresponding to each peak also suggested that they 
contain only procyanidins, as was already indicated in the 13C NMR spectrum. The 
masses were calculated based on equation as follows (Behrens et al., , 2003): 
m/z = 288 n + 23 + a 
where 288 corresponds to the molecular weight of one catechin unit, 23 is the 
molecular weight of sodium added. a is the number of 1H in the end groups 
(corresponds to 2). The number of monomer units is given by n. 
 
 
Figure 6.5. ESI-MS spectrum of purified OPCs collected under anionic mode. A 
series of peaks were detected with m/z differing 288 starting from monomer (289) and 
ending at hexamer (1730). A type dimer and trimer were also detected as small peaks 




Some of the minor signals warrant particular attention. The trace amount of 
gallated tetramers gave rise to a peak at m/z 1329 (1177 + 152) along with its 
hydroxylated compound at m/z 1345. This was not detected in 13C NMR spectrum and 
ESI-MS as the concentration might have been too low. It is also remarkable that a few 
smaller peaks are observed next to each major peak of a given oligomer and the 
representative one at m/z 1177 was shown in the inset of Figure 6.6. The peak (1155) 
with 22 units less is protonated tetramer. The intensity of the similar peak at higher 
drops progressively as the degree of polymerization increases. The peak at 1193 is 
tetramer containing one more hydroxyl group, indicating presence of one 
gallocatechin unit. At similar peaks are consistently present for all oligomers. In the 
anionic mode of ESI-MS spectrum, only a very minor peak at m/z 1169 as the 
hydroxylated tetramer was observed. To probe the significance of gallocatechin units 
in the OPCs, the OPCs were further thiolyzed and examined by HPLC and LC-MS 
but again failed to detect significant amount of gallocatechin. Therefore, it was 
suspected that the hydroxylation occurred under the MALDI-TOF MS experimental 
conditions. It was suggested that OPCs or the 2, 5-dihydrobenzoic acid may react with 
oxygen to give hydrogen peroxide. In the MALDI-TOF experiment, the samples were 
loaded in a stainless steel plate which may provide very small amount of ferrous iron 
for Fenton reaction that leads to hydroxylation of the OPCs. The laser bombardment 
on the sample may further facilitate such reaction. However, due to the small sample 















































Figure 6.6. MALDI-TOF mass spectrum in positive linear mode, showing a 
procyanidin series [M + Na+] from the trimer (m/z 889) to the nonamer (m/z 3193). 
Inset is an enlarged spectrum of masses representing a procyanidin series with the 
presence of protonated trimer at m/z 1155 and hydroxylated trimer at m/z 1193. Small 
amounts of gallated trimer were also detected at m/z 1329 ( = 1177 + 152 (gallate)), 
and its hydroxylated compound at m/z 1345. 
 
 
6.3.3 Determination of the Degree of Polymerization Procyanidins by Thiolysis  
The composition of catechin and epicatechin in OPCs can be determined by the 
depolymerization of OPCs through thiolysis reaction (Rigaud et al., 1991; Brown 
1997; Gu et al., 2002). The addition of thiolytic reagent, α-toluenethiol, attacks the 
extension subunits of procyanidins to form the corresponding benzylthioether. Only 
the terminal unit is released as the free flavan-3-ol. Figure 6.7 shows the HPLC 
chromatogram after thiolysis. 
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A large portion of products observed was epicatechin 4-benzylsulfide alongside 
with small peaks of epicatechin and catechin. Other thiolytic products were also 
detected in the smaller peaks. The identity of the possible thiolytic products were 
further confirmed by LC/MS spectra (data not shown) to be catechin, epicatechin, 
thiolated dimer (C and E stereoisomers), thiolated catechin (D) and thiolated 
epicatechin (F, most dominant peak), and small amount of dithiolated catehin (I). The 
peak identities are not totally consistent with the literature (Gu et al., 2002; Fu et al., 
2007). However, no gallocatechin or gallated catechin was detected.  
The HPLC spectrum of the OPCs thiolytic mixture shows high concentration of 
epicatechin, indicating that the major monomeric unit is epicatechin. Using 
epicatechin as a reference standard, the purity of the sample was calculated to be over 
98%. The result also implies that there are significant amounts of epicatechin 
extension units in the durian OPCs.  
The mean DP of the durian seed is calculated to be 7.3 based on the peak areas 
ratio of the thiolated epicatechin and the sum of catechin and epicatechin peaks (Fu et 
al., 2007) in the following equation: 
catechinandnepicatechiofcurvetheunderArea























































































Figure 6.7.  HPLC chromatogram (detector wavelength = 280 nm) of thiolytic 
products of durian seed OPCs by α-toluenethiol and the possible thiolytic products 
detected by LC-MS spectra. A, catechin; B, epicatechin; Structures of C, D, E, F, and 
I are shown in the Figure. G is excessive α-toluenethiol, H is an unknown compound.  
 
 
6.3.4 Quantification of OPCs in Durian Seed using Normal Phase HPLC  
The determination of mean DP values does not reflect the heterogeneity of the 
procyanidins mixture. The distribution of different procyanidins in the durian seed 
were quantified from a normal phase HPLC analysis shown in Figure 6.8, which gave 
a satisfactory separation of the individual oligomers up to nonamer. All the polymers 
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with a DP larger than 9 were likely to be eluted at the same time without separation at 
55.3 min. Catechin, epicatechin and procyanidin B2 were also analyzed. Peak at 10.63 
min corresponded to epicatechin. Peak at 18.24 min corresponded to procyanidins B2 
dimer.  From the peak area, the low DP procyanidins can be quantified using 
epicatechin as a standard and expressed as epicatechin equivalent (ECE, Table 6.1). 
Tetramer and pentamer proanthocyanidins dominant with B type linkages constitute 
the majority of the procyanidins contents with 0.180 mg ECE/g and 0.141 mg ECE/g, 
respectively, in durian seed. This result was consistent with the obtained MS (Figure 
6.5) whereby the highest relative abundance of the OPCs was trimer, tetramer, 
pentamer and dimer. It is noted that the peaks are rather broad for each oligomers. 
The rotamers that arised from the hindered rotation of interflavanol bonds are likely to 
be the contributing factor (Tarascou et al., 2006).  
 
6.3.5 Fungal Stress on the Germination of Durian Seeds  
The durian seed has an important role to play in the reproduction and propagation 
of the plant. It is not surprising to find a substantial amount of secondary metabolites 
like OPCs present to protect the seed from microbial or other environmental stress. 
Similar to the previous studies of fungal stress on germinating soybeans, a 
preliminary study of fungus-stressed and germinated seeds was performed. The plant 
seed was subjected to fungal stress to determine the secondary metabolites in the 
control (C), germinating seeds with (GS) and without fungal stress (G) over a week as 
shown in Figure 6.2. From the pictures, GS seeds exhibited a darker color, suggesting 
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Figure 6.8. Normal phase HPLC separation of proanthocyanidins in durian seeds. The 
numbers above the peaks indicate the degree of polymerization of B-type 
procyanidins. The broad peaks are likely caused by the rotamers of proanthocyanidins 
arising from the hindered rotations of interflavanol C-C bonds. 
 Table 6.1. Oligomeric Proanthocyanidins Profiles in Durian Seeds (unit: mg/g 
dried seeds)  
 
Peak Retention Time (min)
Concentration of  
procyanidins (µg/mL)
Content of procyanidins 
(mg ECE/g dry matter) 
Monomers 10.63 1.06 0.000958 
Dimers 18.25 86.24 0.0780 
Trimers 23.43 137.74 0.125 
Tetramers 28.07 199.39 0.180 
Pentamers 32.47 155.39 0.141 
Hexamers 36.27 104.56 0.0946 
Heptamers 39.39 57.72 0.0522 
Octamers 42.46 31.97 0.0289 
Nonamers 45.15 4.96 0.00449 
Polymers 55.37 763.38 0.690 
Total   1.395 
 
After sample extraction, the compounds in durian seeds after different treatment 
were analyzed by HPLC as shown in Figure 6.9. The chromatogram shows a group of 
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peaks from 20.0 to 27.5 minutes. From the previous identification, this group of peaks 
belongs to the OPCs. A group of significant peaks were detected for GS extract as 
compared to the G counterpart from retention time 20.0 to 27.5 minutes, indicating 
that there might be an increase of OPCs production under stress conditions. 
A time-course study was performed so as to determine the changes of durian seed 
OPC profiles over time. New peaks were detected between 30 to 33 minutes for G and 
GS seeds but the productions are very low. Under wavelength 234 nm, these novel 
compounds in the GS seeds have a higher accumulation than in G seeds. It is possible 
that these compounds may be phytoalexins generated under stress condition. The 
structural elucidation on these peaks warrants further study in future work.  
 
6.4 Conclusion 
In summary, durian seeds contained complex secondary metabolites including 
OPCs that are dominantly B-type linkage of polymers of epicatechin ranging from 
dimer to at least 11-mers. Therefore, homogeneous OPCs may be a good source for 
preparing epicatechin derivatives through depolymerization reaction with 
nucleophiles such as thiols and carbon nucleophiles. The epicatechin derivatives have 
shown enhanced bioactivity in comparison with epicatechin itself. Minor 
concentrations of novel compounds were detected in seeds after fungal stress during 
germination. The identities of the compounds was not determined yet, however, it is 
of high potential that these compounds were phytoalexins synthesized and 
accumulated under stress. Future work will be focused on isolation and structural 
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elucidation of these novel compounds. Time-course study can be performed to track 
the difference between the secondary metabolite of germinating seed and 
fungus-stressed germinating seeds. This would be able to better understand the 
synthesis and accumulation of phytoalexins over plant germination. The phytoalexins 
accumulated after fungal stress in the durian seed warrant further investigation 
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Figure 6.9. HPLC chromatogram of the extract of durian seed (without germination – 
control), germinated seed without stress and germinated seed under fungal attack 
(Detection wavelength at 234 nm). The left box highlights the OPCs; the right box 








CHAPTER 7  
 
















The aim of this research is to study the effects of fungal stress on plant seeds and 
its applications for novel food development. Black soybeans and durian seeds were 
selected for this study. 
It was discovered that microbially stressed germination of black soybeans seeds 
led to the generation of a group of oxylipins, oxooctadecadienoic acids (KODEs, 
including 13 - Z, E - KODE, 13 - E, E - KODE, 9 - E, Z - KODE, and 9 - E, E - 
KODE), and their respective glyceryl esters in addition to glyceollins, a known group 
of phytoalexins present in wild and fungus-infected germinating soybeans. Different 
fungi had different efficiency of inducing these compounds. The oxylipins and 
glyceollins may contribute to enriched nutrition in addition to the soybeans’ defensive 
response to fungal infection.  
The antioxidative capacities of the beans after R. oligosporus - induced oxidative 
stress to the germinating black soybeans were further investigated. The correlated 
parameters, including the contents of tocopherols, lipid peroxides, total phenolics, 
isoflavones, and ORAC values were studied. Results showed that the antioxidant 
capacity remained high after fungal stress. The total phenolics content was even 
increased by 15%. Isoflavones daidzein and genisten were decreased but glyceollins 
were generated to compensate for the loss. 
The fungus-stressed and germinated black soybeans were further processed for 
functional food development. The traditional procedures of soy yogurt making was 
modified using these treated beans. The satisfactory LAB growth in the soymilk 
demonstrated that the fungus-stressed soybean milk was an suitable medium for 
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fermentation. It was also found that the isoflavone concentrations remained high after 
the processes. Importantly, the modified processing had reduced stachyose and 
raffinose (which cause flatulence) in soy yogurt to negligible amounts. In addition, the 
soy yogurt had significantly altered the micronutrient profiles resulting in enriched 
glyceollins, which are known to have anti-cancer properties. 
Similar to the treatment of black soybean seeds, we also inoculated fungi to the 
durian seeds for the purpose of finding functional phytoalexins from food waste. In 
this study, the oligomeric proanthocyanidins (OPCs) in durian seeds was determined 
for the first time. Its structural properties were characterized. After stressing the 
germinating durian seeds with food grade R. oligosporus, new phytoalexins but with 
low concentrations were detected. Their structural identies and bioactivities warrant 
further investigation in the future.  
In the future, more plant seeds, especially the seeds which are normally discarded 
as food waste, can be investigated by the method. With potential bioactivities 
associated with the generated phytoalexins in the seeds, it is promising to explore new 
pathways for functional food and nutritional supplement development, as well as for 
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Appendix Table 1. Nutritional Information of Mature Seeds of Soybeans (Glycine 
max). NDB No: 16108 (unit: /100g)  
Proximates     
Water (g) 8.54 Total lipid (fat) (g) 19.94
Energy (kcal) 416 Ash (g) 4.87 
Energy (kj) 1742 Carbohydrate, by difference (g) 30.16
Protein (g) 36.49 Fiber, total dietary (g) 9.3 
Minerals     
Calcium, Ca (mg) 277 Sodium, Na(mg) 2 
Iron, Fe (mg) 15.7 Zinc, Zn (mg) 4.89 
Magnesium, Mg (mg) 280 Copper, Cu (mg) 1.658
Phosphorus, P (mg) 704 Manganese, Mn (mg) 2.517
Potassium, K (mg) 1797 Selenium, Se (mcg) 17.8 
Vitamins     
Vitamin C, total ascorbic acid (mg) 6 Folate, food (mcg) 375 
Thiamin (mg) 0.874 Folate, DFE (mcg_DFE) 375 
Riboflavin (mg) 0.87 Vitamin B-12 (mcg) 0 
Niacin (mg) 1.623 Vitamin A, IU (IU) 0 
Pantothenic acid (mg) 0.793 Vitamin A, RAE (mcg_RAE) 0 
Vitamin B-6 (mg) 0.377 Retinol (mcg) 0 
Folate, total (mcg) 375 Vitamin E (alpha-tocopherol) (mg) 0.85 
Folic acid (mcg) 0 Vitamin K (phylloquinone) (mcg) 47 
Lipids     
Fatty acids, total saturated (g) 2.884 18:1 undifferentiated (g) 4.348
14:00 (g) 0.055 Fatty acids, total polyunsaturated (g) 11.26
16:00 (g) 2.116 18:2 undifferentiated (g) 9.925
18:00 (g) 0.712 18:3 undifferentiated (g) 1.33 
Fatty acids, total monounsaturated (g) 4.404 Cholestero l(mg) 0 
16:1 undifferentiated (g) 0.055 Phytosterols (mg) 161 
Amino acids     
Tryptophan (g) 0.53 Valine (g) 1.821
Threonine (g) 1.585 Arginine (g) 2.831
Isoleucine (g) 1.77 Histidine (g) 0.984
Leucine (g) 2.972 Alanine (g) 1.719
Lysine (g) 2.429 Aspartic acid (g) 4.589
Methionine (g) 0.492 Glutamic acid (g) 7.068
Cystine (g) 0.588 Glycine (g) 1.687
Phenylalanine (g) 1.905 Proline (g) 2.135
Tyrosine (g) 1.38 Serine (g) 2.115
(Adapted from USDA National Nutrient Database for Standard Reference, 
http://www.nal.usda.gov/fnic/foodcomp/search/ , released 2006) 
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Appendix Table 2. The Nutrional Information of Soymilk and Plain Whole Milk 










Proximates    
Water g 88.05 87.9 
Energy kcal 54 61 
Energy kj 226 257 
Protein g 3.27 3.47 
Total lipid (fat) g 1.75 3.25 
Ash g 0.65 0.72 
Carbohydrate, by difference g 6.28 4.66 
Fiber, total dietary g 0.6 0 
Sugars, total g 3.99 4.66 
Minerals    
Calcium, Ca mg 25 121 
Iron, Fe mg 0.64 0.05 
Magnesium, Mg mg 25 12 
Phosphorus, P mg 52 95 
Potassium, K mg 118 155 
Sodium, Na mg 51 46 
Zinc, Zn mg 0.12 0.59 
Copper, Cu mg 0.128 0.009 
Manganese, Mn mg 0.223 0.004 
Fluoride, F mg  12 
Selenium, Se mcg 4.8 2.2 
Vitamins    
Vitamin C, total ascorbic 
acid 
mg 0 0.5 
Thiamin mg 0.06 0.029 
Riboflavin mg 0.069 0.142 
Niacin mg 0.513 0.075 
Pantothenic acid mg 0.373 0.389 
Vitamin B-6 mg 0.077 0.032 
Folate, total mcg 18 7 
Folic acid mcg 0 0 
Folate, food mcg 18 7 
Folate, DFE mcg_DFE 18 7 
Choline, total mg 23.6 15.2 
Betaine mg 0.8  
Vitamin B-12 mcg 0 0.37 
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Vitamin A, IU IU 3 99 
Vitamin A, RAE mcg_RAE 0 27 
Retinol mcg 0 27 
Vitamin E 
(alpha-tocopherol) 
mg 0.11 0.06 
Vitamin D IU 0  
Vitamin K (phylloquinone) mcg 3 0.2 
Lipids    
Fatty acids, total saturated g 0.205 2.096 
4:00 g 0 0.096 
6:00 g 0 0.066 
8:00 g 0 0.042 
10:00 g 0 0.093 
12:00 g 0 0.111 
14:00 g 0 0.343 
16:00 g 0.15 0.886 
18:00 g 0.05 0.317 
Fatty acids, total 
monounsaturated 
g 0.401 0.893 
16:1 undifferentiated g 0 0.071 
17:01 g 0.01  
18:1 undifferentiated g 0.31 0.743 
20:01 g 0.01 0 
22:1 undifferentiated g 0 0 
Fatty acids, total 
polyunsaturated 
g 0.961 0.092 
18:2 undifferentiated g 0.584 0.065 
18:3 undifferentiated g 0.075 0.027 
Cholesterol mg 0 13 
Amino acids    
Tryptophan g 0.038 0.02 
Threonine g 0.108 0.142 
Isoleucine g 0.114 0.189 
Leucine g 0.186 0.35 
Lysine g 0.131 0.311 
Methionine g 0.027 0.102 
Cystine g 0 0.032 
Phenylalanine g 0.113 0.189 
Tyrosine g 0.089 0.175 
Valine g 0.117 0.287 
Arginine g 0.187 0.104 
Histidine g 0.061 0.086 
Alanine g 0.104 0.148 
Aspartic acid g 0.288 0.275 
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Glutamic acid g 0.487 0.679 
Glycine g 0.103 0.084 
Proline g 0.147 0.411 
Serine g 0.14 0.215 
Other    
Carotene, beta mcg 2 5 
(Adapted from USDA National Nutrient Database for Standard Reference, 



















Appendix Table 3. The Nutritional Information of Raw or Frozen Durian (Durio 
zibethinus) (Nutrient Values and Weights are for Edible Portion, Refuse: 68% (Shell 
and seeds (for raw fruit)) 
Nutrient Units Value per 100 grams 
Proximates   
Water g 64.99 
Energy kcal 147 
Energy kj 615 
Protein g 1.47 
Total lipid (fat) g 5.33 
Ash g 1.12 
Carbohydrate, by difference g 27.09 
Fiber, total dietary g 3.8 
Minerals   
Calcium, Ca mg 6 
Iron, Fe mg 0.43 
Magnesium, Mg mg 30 
Phosphorus, P mg 39 
Potassium, K mg 436 
Sodium, Na mg 2 
Zinc, Zn mg 0.28 
Copper, Cu mg 0.207 
Manganese, Mn mg 0.325 
Vitamins   
Vitamin C, total ascorbic acid mg 19.7 
Thiamin mg 0.374 
Riboflavin mg 0.2 
Niacin mg 1.074 
Pantothenic acid mg 0.23 
Vitamin B-6 mg 0.316 
Folate, total mcg 36 
Folate, food mcg 36 
Vitamin B-12 mcg 0 
Vitamin A, IU IU 44 
Vitamin A, RAE mcg_RAE 2 
Retinol mcg 0 
Lipids   
Cholesterol mg 0 
Other   
Carotene, beta mcg 23 
Carotene, alpha mcg 6 
Cryptoxanthin, beta mcg 0 
(Adapted from USDA National Nutrient Database for Standard Reference, 












Peak II HREIMS: 294.2
Composition: C18H30O3
























The tertiary MS of KODE fragment at m/z 249 of fragment m/z -295
1st Part

































The MS/MS/MS/MS of KODE fragment at m/z 113 of fragment m/z 249 







































































































The secondary MS of KODE glyceryl ester fragments at m/z +369, m/z























































F:  c Full ms2 293.00@40.00 [ 80.00 1000.00]






















F:  c Full m s2 337.00@ 35.00 [ 90.00 1000.00]



















161.3  269.2 337.3  187.2148.3  229.2215.2 295.2268.3175.3 275.3121.2  109.2  322.2  354.8  368.6
F:  c Full ms2 319.00@35.00 [ 85.00 1000.00]





















264.2249.3209.7109.4 185.5157.5 228.3147.0 319.9




F: -c Secondary MS of 
220.00@35.00 e
F: -c Secondary MS of 
131.00@35.00 e
F: -c Secondary MS of 
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221.0148.2 290.7192.1177.5 213.9130.2 235.8
F: - c Full ms2 131.00@35.00 [ 50.00-1000.00]




















Appendix Figure 1. The primary, secondary and tertiary MS of KODES and KODES 
4.5 kV, respectively. 















































































Appendix Figure 2. A representative 1HNMR spectrum of KODE and KODE 
glyceryl ester. Sample was dissolved in deuterate chloroform and the data were 
 
 






Appendix Figure 3. HPLC chromatogram of tocopherols in control (UG) 
on-stressed germinating black soybeans (G) and R. oligosporus stressed germinating 
 
n
black soybeans (GS) with a 3-day time course study. 
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